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Advancements in Shear Strength Interpretation, 
Testing, and Use for Landslide Analysis 


Binod Tiwari and Beena Ajmera 


Abstract 


Landslides are devastating natural disasters that result in 
loss of life, property damage, and community disruption. 
They have global impacts, causing fatalities and economic 
losses, particularly in mountainous regions near densely 
populated areas. Landslides can be caused by natural 
factors, including water saturation from heavy rainfall, 
snowmelt, and changes in groundwater levels, as well as 
seismic activity such as earthquakes and volcanic 
eruptions. Human activities, such as altering drainage 
patterns, destabilizing slopes, and removing vegetation, 
also contribute to landslides. Construction and develop- 
ment on slopes, over-steepening, and improper land man- 
agement practices can further increase the risk of 
landslides. A key component in understanding the stabil- 
ity of slopes will be knowledge of the shear strength of the 
soils involved. However, to do so, it will be necessary to 
understand the various measuring methods of shear 
strength, loading conditions, and other parameters. Differ- 
ent methods and tests are employed to determine the shear 
strength of soil, depending on the specific conditions and 
objectives. Direct shear tests are often utilized to measure 
peak and fully softened shear strengths. Triaxial tests, on 
the other hand, are suitable for assessing both peak and 
fully softened shear strengths under drained or undrained 
conditions. Generally, the ring shear device is preferred 
for measurements of the residual shear strengths. How- 
ever, multiple reversal direct shear tests and specifically 
modified direct shear tests as well as triaxial tests have also 
been utilized for this purpose. The cyclic simple shear test 
is recommended as an effective technique for replicating 
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in-situ conditions to investigate the cyclic resistance and 
post-cyclic shear strengths of soils. Several correlations 
have been developed in the literature to estimate various 
shear strengths, including the fully softened and residual 
shear strengths of soil, as summarized in this paper. These 
correlations utilize parameters such as the liquid limit, 
plasticity index, mineralogy, clay fraction, and effective 
normal stress. The undrained shear strength of over- 
consolidated soils can be captured with the use of the 
Stress History and Normalized Soil Engineering 
Properties (SHANSEP) method. Extending this approach 
with the use of the normalized undrained strength ratio can 
result in two correlations that can capture the undrained 
shear strength. The paper also presents correlations for the 
true and base friction angles to estimate the shear strength 
using Hvorslev’s theory. This allows for a departure from 
the use of the cohesion intercept and friction angle in the 
Mohr-Coulomb failure envelope, both of which are 
dependent on the over-consolidation ratio. The power 
function effectively represents the cyclic strength curves 
in soils with the curve fitting parameters a and b defining 
their shape and position. A correlation between the 
normalized undrained strength ratio and post-cyclic effec- 
tive stress ratio to assess the undrained shear strength after 
cyclic loading was also introduced. This correlation was 
shown to also capture the effects of excess pore pressure 
dissipation and reductions in shear strength induced by a 
second cyclic load. 


Keywords 


Landslides - Shear strength - Soil testing - Slope stability - 
Residual shear strength - Fully softened shear strength 


I. Alcantara-Ayala et al. (eds.), Progress in Landslide Research and Technology, Volume 2 Issue 2, 2023, Progress in Landslide 


Research and Technology, https://doi.org/10.1007/978-3-03 1-44296-4_1 


1 Background 


Landslides are natural disasters that can have catastrophic 
consequences, causing loss of life, immense property dam- 
age, and disrupting communities. They are characterized by 
the rapid movement of soil, rock, and debris down slopes and 
have the potential for far-reaching impacts on both human 
and natural environments. Understanding the severity of 
landslides and their implications is essential for 
implementing proactive measures to mitigate risks and 
enhance resilience in vulnerable areas. 

Landslides caused approximately 11,500 fatalities per 
year between 2004 and 2016 worldwide (United Nations 
Office for Disaster Risk Reduction, UNDRR 2019). It is 
important to note that the number of fatalities can vary greatly 
depending on the severity and location of the landslide, as 
shown in Fig. 1. This figure shows that the risk of deaths from 
landslides increases in highly mountainous regions in prox- 
imity to dense neighborhoods. In particular, Fig. 1 shows that 


B. Tiwari and B. Ajmera 


the highest mortality risks appear in Asia near the Himalayas 
and in South America by the Andes. Some examples of 
disastrous landslides in the past decade are provided in 
Table 1. In addition, to the location of the failure, the table 
also provides some information about the volume of material 
involved and the number of fatalities caused. 

In addition to the fatalities, landslides can cause extensive 
damage to buildings, roads, and other infrastructure. The 
economic impact can be significant. For example, in the 
United States, landslides cost an average of $1-2 billion 
annually in direct costs and indirect economic losses 
(USGS 2022). Figure 2 shows the total economic damages 
resulting from landslides around the world in 2004, 2010, and 
2016. As seen, the cost can be much higher in countries with 
less developed infrastructure and limited resources for 
disaster response and recovery. 

Other impacts by landslides cannot be captured quantita- 
tively. For example, landslides can have long-lasting effects 
on the environment. They can alter landscapes, destroy 


Global Landslide Mortality Risk Distribution 


Landslide Mortality 
Risk Deciles 
Hg c-o" 


Mortality risk is found by weighting the value of population exposure to landslides for each grid cell 
by a vulnerability coefficient to obtain an estimate of risk. The vulnerability weights are based on 
historical losses in previous disasters. The mortality weights are applied to population exposure to 
obtain mortality risks. The weights are an aggregate index relative to losses within each region and 
country wealth class (classifications based on 2000 GDP) over the 20-year period from 1981 — 2000. 


Source: 

Dilley, Maxx, Robert S. Chen, Uwe Deichmann, Arthur L. 
Lerner-Lam, and Margaret Amold. 2005. Nation! Disaster 
Hotspots. A Global Risk Analysis Washington, D.C.: World Bank. 


Fig. 1 Mortality risk from landslides (Source: Ritchie et al. 2022) 


Copyright 2005 International Bank for Reconstruction and 
Development/The World Bank and Columbia University. 
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Table 1 Selected disastrous landslide events in recent history 


Name/Location 


Tumbi quarry landslide, Papua New Guinea 
(5.956°S,142.789°E) 


Bingham canyon mine landslide 
(40.523°N, 112.151°W) 


Oso mudslide 
(48.283°N, 121.847°W) 


Abe Barek landslide, Argo District, Afghanistan 
West Salt Creek landslide 

(39.167°N, 107.848°W) 

Malin landslide 

(19.161°N, 73.688°E) 


Sunkoshi blockage, Sindhupalchok District, Nepal 
Hiroshima landslides, Hiroshima prefecture, Japan 


May 2, 2014 
May 25, 2014 


July 30, 2014 


Hpakant jade mine disaster, Hpakant, Myanmar November 
21, 2015 

Shenzhen landslide, Shenzhen, China December 
20, 2015 

Chitan hydropower landslide, Tianing, southeastern May 8, 2016 

China 

Aranayake landslide, Aranayake, Sri Lanka May 17, 2016 

Mocoa landslide April 2, 2017 

(1.15°N, 76.648°W) 

Karrat Fjord landslide June 17, 2017 


(71.535°N, 53.213°W) 

Xinmo landslide 

(32.067°N, 103.65°E) 

Montecito mudslide, Montecito, California 


June 24, 2017 


Hpakant jade mine disaster, Hpakant, Myanmar 


Pettimudi landslide 
(10.163°N, 77.013°E) 


Atami debris flow, Shizuoka, Japan 


July 2, 2020 


July 3, 2021 


Manipur landslide, Noney District, Manipur, India June 30, 2022 


vegetation, and disrupt ecosystems. The sediment and debris 
carried by landslides can also affect rivers and streams, lead- 
ing to water pollution and affecting aquatic habitats. The 
disturbance they cause to communities can lead to the dis- 
placement of residents, loss of livelihoods, and social and 
economic instability. Infrastructure damage can hamper trans- 
portation, communication, and access to essential services, 
affecting the overall well-being of the impacted areas. 


2 Causes of Landslides 


Landslides can be attributed to two main categories of causes: 
natural factors and those influenced by human activities. In 
certain instances, landslides may arise from a combination of 
both factors, either exacerbating their occurrence or 
contributing to their initiation. 

Landslides are often initiated by the saturation of slopes 
due to the infiltration of water. This saturation process can be 
triggered by various elements, such as heavy rainfall, snow- 
melt, fluctuations in groundwater levels, and changes in 


Date of Failure 
January 24,2012 60 


April 10, 2013 


March 22, 2014 


August 2, 2014 
August 20, 2014 


January 9, 2018 


August 7, 2020 


Fatalities Reference(s) 


Robbins et al. (2012) 


0 NASA Earth Observatory (2022) and Hilbert et al. 
(2014) 

43 Wartman et al. (2016) 

2700 Zhang et al. (2015) 

3 Coe et al. (2015) 

160 Ering and Sivakumar Babu (2016) 


Shrestha and Nakagawa (2016) 
74 Fukuoka et al. (2015) 


114 Lin et al. (2021) 

13 Yang et al. (2017) 

36 Zhang et al. (2019) 
127 Tan et al. (2020) 

316 Cheng et al. (2018) 

4 Gauthier et al. (2017) 
10 Fan et al. (2017) 

20 Tiwari et al. (2020a, b) 
175 Lin et al. (2021) 

66 Achu et al. (2020) 

Oy, Zhang et al. (2022) 
58 Baruah et al. (2023) 


surface water near coastal areas, earth dams, lakes, reservoirs, 
canals, and rivers. The connection between landslides and 
floods is tightly intertwined as both are influenced by precip- 
itation, runoff, and the saturation of soil by water. Floods can 
contribute to landslides by eroding stream and river banks 
and saturating slopes through overland flow. On the other 
hand, landslides can lead to flooding when displaced rocks 
and debris obstruct water pathways, causing water to accu- 
mulate. Moreover, the debris from landslides can impede 
natural water channels, diverting the flow and resulting in 
localized erosion and flood-like conditions. Landslides can 
also have additional consequences, including the potential to 
generate tsunamis, cause reservoirs to overflow, and reduce 
the capacity of these reservoirs to store water. Steep slopes 
affected by wildfires are particularly susceptible to landslides 
due to a combination of factors, including the loss of vegeta- 
tion due to burning, changes in soil chemistry, and 
subsequent saturation of slopes from various water sources. 
The occurrence of earthquakes significantly increases the 
likelihood of landslides due to multiple factors. The seismic 
shaking itself can directly trigger landslides, while 


Fig. 2 Economic damages as a 
percent of the gross domestic 
product (GDP) in (top) 2004, 
(middle) 2010, and (bottom) 2016 
(Source: Ritchie et al. 2022) 
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susceptible sediment layers may undergo liquefaction, and 
soil materials can experience dilation caused by the shaking, 
facilitating rapid water infiltration. Another significant hazard 
is the formation of landslide dams in streams and rivers 
downstream of steep slopes. These dams occur when the 
earthquake dislodges rocks and soil, obstructing the natural 
flow of water and causing it to accumulate behind the dam, 
leading to upstream flooding. However, due to their inherent 
instability, these landslide dams can undergo rapid or gradual 
erosion, eventually failing catastrophically and releasing the 
stored water suddenly with severe downstream damages and 
impacts. 

Volcanic activity can trigger devastating landslides, such 
as volcanic debris flows (lahars), where melted snow mixes 
with rock, soil, ash, and water, rapidly descending steep 
volcano slopes and causing widespread destruction. These 
events can also lead to the collapse of volcanic structures, 
resulting in rockslides, landslides, and debris avalanches, 
with the potential to generate submarine landslides and 
tsunamis. 

Human expansion onto new land and the development of 
residential areas, towns, and cities is another primary contrib- 
utor to the occurrence of landslides. Activities such as alter- 
ing drainage patterns, destabilizing slopes, and removing 
vegetation are common human-induced factors that can initi- 
ate landslides. Over-steepening slopes through excavation 
and excessive loading can also lead to slope instability. 


Additionally, human activities like irrigation, landscaping, 
reservoir management, leaking pipes, and improper excava- 
tion or grading on slopes can trigger landslides, even in 
previously stable areas. 


3 Planning and Design of Landslide 
Stabilization Works 


To understand the mechanics involved in the landslide pro- 
cess and design appropriate prevention (or control) measures, 
slope stability analysis is performed. The methods of slope 
stability analysis could be simple equations that can be solved 
in available spreadsheets to complex equations that require 
robust numerical analysis platforms. Regardless of the 
method used, common parameters needed for the analyses 
include slope geometry/topography, potential depth of the 
sliding surface, location of the groundwater table, soil den- 
sity, external forces causing destabilization, and shear 
strength properties of soil. 

Shown in Fig. 3 is a photograph of the Portuguese Bend 
Landslide, among the largest active landslides in the USA. 
This landslide is located near Los Angeles in California. We 
use very simple to complicated equations to plan and/or 
design stabilizing measures for such landslides. To initiate 
any slope stability analysis, we need to first obtain the cross- 
sectional details of the landslides that include the ground 


Fig. 3 Picture of Portuguese Bend Landslide, among the largest active landslides in USA 


surface, groundwater table, and sliding surface profiles of the 
landslide. The ground surface profile is obtained from the 
topographical map/survey. Groundwater surface profiles can 
be obtained from groundwater surveys through boreholes. 
The sliding surface profile is obtained from borehole profile 
information. 

Shown in Eq. | is a simplest formula to calculate stability 
of the slope, using the cross-sectional details explained in 
Fig. 4. The entire slope is divided into a number of verti- 
cal slices and stability calculations are performed for each 
slice and later summed up. In Eq. 1, F is factor of safety of 
slope, L, is the length of the sliding surface, W, is weight of 
the slice, « is angle of inclination of the sliding plane, Fp is 
horizontal components of all external forces, u, is pore water 
pressure at the sliding surface, and c and @ are the shear 
strength parameters (cohesion intercept and internal friction 
angle, respectively), which will be described in more detail in 
the subsequent sections. 


n=p 
5 (d AL, + ((W„ Cos an — Fp sina — unALn)tang") 


n=1 


= = 
X W, sina, + Fp cosa 


n=1 


(1) 


75 


oO 
oO 


Ground surface 


Ground water table 


25 


Vertical distance (m} 


average annual extreme extreme ground water level 


B. Tiwari and B. Ajmera 
4 Brief Overview of Shear Strengths 


The shear strength of soils plays a critical role in slope 
stability analyses. It is vital to evaluate the potential for 
slope failures and to determine the appropriate measures to 
mitigate risks. The internal resistance of a soil to a shearing 
force is known as the shear strength of soil. This resistance is 
jointly developed because of the friction between soil 
particles and the work that is required to cause changes in 
volume of the soil. Both the friction between individual 
grains of the soil mass, or the grain-grain friction, and the 
interlocking of the grains will contribute to the first compo- 
nent of the resistance. On the other hand, electromagnetic 
attraction between the soil particles and the effects of over- 
consolidation will result in the development of the second 
component of the resistance. As expected, factors that affect 
either or both of the components of the resistance will result 
in changes to the shear strength of soil. Some notable factors 
that will strongly influence the shear strength include the 


density (or void ratio), the overburden pressure 
(or confining stress), grain shape and roughness and stress 
history. 


To clearly illustrate the shearing behavior of soil and its 
strength, it is important to understand the soil formation 
process. Soils are formed through the weathering of rocks. 
As such mineralogical composition of the soil will depend on 
the parent rocks. Let’s take an example of a soil layer formed 
through sedimentation of soil particles that were transported 
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Fig. 4 A typical cross-section of a landslide area in Japan 
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Fig. 5 (Left) Soil sedimentation process; (right) loss of soil due to 
various natural causes 


down by the water bodies. As these particles sediment and 
accumulate, they create soil layers at the bank of the water 
body, as presented in Fig. 5. Upward arrow in left image in 
Fig. 5 shows that the soil is continuously filled up as the 
sedimentation process continues. However, the top layer of 
the soil is also lost during erosion and landslide processes, as 
shown by the downward arrow in right image in Fig. 5. 

The mechanism how soil density changes with an increase 
in soil depth and the effect on its shear strength is presented in 
Fig. 6. Effective normal stress is the overburden pressure 
acting on the soil element at any location, which is sum of 
the unit weight of soil mass multiplied by the corresponding 
depth of each layer minus any pore water pressure acting the 
soil element (unit weight of water multiplied by the depth of 
water above the soil element). Void ratio is calculated as the 
volume of void space in the soil mass divided by the total 
volume of only the solid soil components. With an increase in 


Void Ratio 


Shear Stress 


Effective Normal Stress 


Fig. 6 Void ratio and shear strength variation in soils with effective 
normal stress 


the height of sedimentation, effective normal stress increases 
and that will cause a reduction in the volume of void space by 
squeezing the air or water filling the pore spaces out. As such, 
the void ratio of soil element decreases with an increase in 
soil sedimentation depth or the effective normal stress, as 
presented in Fig. 6. Let’s consider soil element x in Fig. 5. 
With an increase in effective normal stress on x as the 
sedimentation depths increase to the level y, level a and the 
top surface, the void ratio decreases logarithmically. Shear 
strength of the soil also increases linearly with the increase in 
the effective normal stress, as presented in Fig. 6. When a 
certain depth of the same soil mass is lost due to various 
natural phenomenon such as erosion or landslides, the effec- 
tive normal stress decreases and the corresponding void ratio 
of the soil increases. However, the void ratio of soil element 
at x does not rebound back to the original void ratio observed 
during the sedimentation process. Slope of the rebound 
(or swelling) curve is around one fourth to one sixth of the 
slope of the original (or virgin) curve. As such, soil already at 
x, overburdened with the depth up to point b (after the loss of 
soil depth) in Fig. 5 has higher density and shear strength than 
it was under the condition presented at point a although the 
total overburden depth is the same. Soil element at depth x 
under the overburden pressure due to soil depth presented at 
point a and b are called normally consolidated and over- 
consolidated soils, respectively. In other words, normally 
consolidated soils (soil at point x during sedimentation pro- 
cess shown on the left side in Fig. 5) does not experience 
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Fig. 7 Shear stress—shear 
displacement (left) and 
shear stress-normal stress (right) 
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effective normal stress more than the current effective normal 
stress, while the over-consolidated soils (soil at point x 
shown on the right side in Fig. 5) has experienced higher 
effective normal stresses in the past compared to the current 
effective normal stress. For the same effective normal stress, 
over-consolidated soils exhibit higher shear strengths than 
the normally consolidated soils, as shown in Fig. 6. Shear 
strength of the soil is generally denoted as S, in geotechnical 
engineering practice and it has a significant role in stability of 
the slopes. 

When we take a soil sample from location x on the right 
side of Fig. 5, confine it in a container, apply a certain amount 
of vertical stress and then apply horizontal stress incremen- 
tally to increase the horizontal displacement along a shearing 
plane, horizontal stress required to obtain certain displace- 
ment increases consistently up to a peak value. At that point, 
the soil starts rupturing and it will require less horizontal 
stress to deform the soil further. The required horizontal 
stress become constant at certain amount of soil displace- 
ment. This shear stress is called residual shear stress. This 
shear stress—shear displacement relationship is presented in 
Fig. 7. If we take the soil from location x at left side of Fig. 5 
and follow the same experiment, we obtain similar behavior. 
However, the magnitude of peak shear stress is much less 
than that observed for the soil from the right side, although 
the residual shear stress remains the same. That is mainly due 
to the over-consolidation effect explained earlier and 
illustrated in Fig. 6. If we completely remold the soil sample 
from location x at the right side of Fig. 5 and repeat the 
experiment, the shear stress-shear displacement curve will 
follow the trend observed for the soil at location x collected 
from right side of Fig. 5. If we repeat the experiments by 
increasing the amount of effective normal stress (o°), shear 
stress required for the over-consolidated peak, normally 
consolidated peak, and residual shear stress conditions also 
increase corresponding to the increase in normal stress, as 
presented in Fig. 7. 

Materials were found to rupture because of a combination 
of applied normal and shear stresses (Mohr 1900). Mohr’s 
work resulted in a relationship that expressed the shear stress 
at failure (or shear strength) as a function of the applied 


Residual 


o’ on shear plane 


normal stress and resulted in a curved failure envelope. 
Coulomb (1776) noted that it was sufficient to estimate the 
shear stress on a failure plane (T) to be linearly related to the 
normal stress (o). This resulted in the Mohr-Coulomb failure 
criteria, as defined by Eq. 2 and represented by the straight 
lines on the right side of Fig. 7. In Eq. 2, c represents the 
cohesion intercept and ¢ is the internal friction angle. The 
soil mass will not fail if the combination of the normal and 
shear stresses falls below the Mohr-Coulomb failure enve- 
lope. However, the soil mass fails if this combination plots 
above the envelope. 


t=c+otang (2) 

The Mohr-Coulomb failure criteria is applicable for both 
drained and undrained loading conditions. Under drained 
loading conditions, loads are applied on a soil mass a rate 
sufficiently slow to ensure that no excess pore pressures are 
induced. Drained loading conditions result when loads in the 
field are applied very slowly or when the loads applied are 
present on the soil mass for a sufficiently long duration to 
ensure that all excess pore pressures that were generated have 
been allowed to dissipate. On the other hand, when loads are 
applied rapidly such that the generated excess pore pressures 
cannot dissipate, undrained loading conditions will prevail. 
While Eq. 2 is applicable for undrained (or also called total) 
conditions, the Mohr-Coulomb failure criteria is expressed in 
terms of Eq. 3 for the drained (or also called effective) 
conditions. In Eq. 3, o° is the effective normal stress acting 
on the soil mass, which can be computed as the difference 
between the total normal stress and pore pressure (u). The 
shear strength parameters are the effective stress cohesion 
(c’) (Fig. 7) and the effective (drained) angle of internal 
friction (@). 


t=c +0 tang’ =c + (o—u) tang’ 


(3) 


Soils will exhibit different behaviors during various stages 
of the shearing process, which will affect their shear 
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strengths. It will be necessary to select the appropriate shear 
strength when performing stability analyses or designing 
mitigation strategies. At beginning of the shearing process, 
the soil mass will exhibit nearly elastic behavior. After this 
initial stage, the soil will reach its peak shear strength (Fig. 7) 
or the maximum shear resistance that can be developed 
because of interparticle friction and interlocking. With 
continued shearing, the relationship between the shear stress 
and shear displacement will show a point of inflection 
corresponding to a post-peak strength loss (Fig. 7). This 
was stated to correspond to the fully softened shear strength 
by Duncan et al. (2011) and indicates that the soil is at its 
critical state. Peak shear strength of soils is the maximum 
shear strength at its natural state. In general, if the (fine- 
grained) soil in the field is in a over-consolidated state, it 
will exhibit both a cohesion intercept and internal friction 
angle when it is sheared in the drained condition under 
varying effective normal stresses and failure envelope is 
generated. The cohesion component is mainly due to over- 
consolidation and diagenesis during the formation process. 
Normally consolidated soils do not exhibit a cohesion 
intercept. 

The fully softened shear strength was first identified by 
Skempton (1970) when changes in the water content were 
observed to cause a softening of the soil mass. Skempton 
(1970) further noted that this softening results in a reduction 
of the shear strength of the soil mass to a strength 
corresponding to when the soil is in its critical state. In this 
condition, additional shear displacements do not occur in the 
soil mass as the water content continues to fluctuate. Further- 
more, Skempton (1970) found that the peak shear strength 
parameters of a normally consolidated clay are numerically 
equal to the fully softened shear strength parameters. Peak 
shear strength of the soil at location x in left side of Fig. 5, 
presented as the lower peak in Fig. 7, is the fully softened 
shear strength of soil at location x, which is irrespective of the 
over-consolidation state. 

Continued shearing of the soil mass for large amounts of 
displacement will cause a reorientation of the particles. In 
particular, these particles will become aligned with the direc- 
tion of shearing. When the long axis of clay particles 
becomes aligned with the shearing direction, it results in the 
formation of polished slickenslide surfaces. Under these 
conditions, the shear strength will result in a constant mini- 
mum value or the residual shear strength (Fig. 7). 

Until now, an implicit focus on the paper has been on the 
static shear strengths. However, the application of cyclic 
loads, such as those induced by earthquakes, blasting, wave 
action, machine vibrations, etc., affects the shearing resis- 
tance of the soil mass. In particular, the resistance of the soil 
mass during the application of the cyclic loads and the avail- 
able resistance after cyclic loads will both be necessary to 


evaluate the stability of slopes under seismic loading as well 
as post-earthquake slope stability analyses. 

Cyclic resistance, or the ability of a soil mass to withstand 
cyclic loading, is typically represented with the use of cyclic 
strength curves. Cyclic strength curves are obtained by plot- 
ting the number of cycles required to reach a particular failure 
criterion against a measure of the severity of the cyclic 
loading. Failure criteria are typically associated with a level 
of strain induced in the soil mass, but can also correspond to 
specific conditions like liquefaction or a particular pore pres- 
sure ratio. The severity of the cyclic loading is typically 
expressed in terms of a cyclic stress ratio (CSR), which is 
equal to ratio of the amplitude of the cyclic shear stress to the 
overburden pressure. Like with the Mohr-Coulomb failure 
envelope, the soil mass will not fail if the combination of the 
number of cycles of the cyclic load and the applied cyclic 
stress ratio plot below the cyclic strength curve. However, it 
will fail if this combination plots above the cyclic strength 
curve. 

The application of cyclic loads will typically occur under 
undrained conditions. That is, the loads induced by the earth- 
quake, for example, are so rapidly applied that excess pore 
pressures generated will not have sufficient time to dissipate. 
Furthermore, the undrained shear strength typically available 
in the soil mass after cyclic loading (or the post-cyclic 
undrained shear strength) will not be equal to the undrained 
shear strength before the application of the cyclic loads. 
Thus, knowledge of the post-cyclic undrained shear strength 
of the soil mass will also be necessary in the evaluation of the 
stability of slopes. 

Ajmera and Tiwari (2021) summarized the soil properties 
required to perform slope stability analyses. In particular, 
they noted the different properties needed for stability 
calculations associated with the end of the construction, 
during multistage loading and over the long term. Further- 
more, these properties were discussed for both free-draining 
and impermeable materials. For free-draining layers, regard- 
less of whether the analyses are performed for the end of 
construction, multistage loading or long-term conditions, the 
same information is needed. Specifically, for these materials, 
the total unit weights should be used, external water pressures 
and internal pore pressures from steady state seepage 
analyses should be included and effective shear strength 
parameters should be used. 

For the impermeable layers, the properties will vary 
depending on the condition being analyzed. In particular, 


¢ End of construction: The total unit weight should be used. 
External water pressures will be included, but the internal 
pore pressures should not be. The total shear strength 
parameters should be utilized. 

e Multistage loading: Like the end of construction, the total 
unit weights should be used, while external water 


pressures are incorporated and internal pore pressures are 
not. However, the shear strength will be represented by the 
undrained cohesion. 

e Long term: Similar to free-draining layers, the total unit 
weights will be used. Steady state seepage analyses should 
be used to determine the external water pressures and 
internal pore pressures, both of which will be incorporated 
into the analyses. For this condition, the effective shear 
strength parameters should be used. 


In general, peak shear strength of soil is used to evaluate the 
stability of an intact slope/ground (although it is rare to get a 
perfectly intact slope). Fully softened shear strength is used if 
the slope exhibits cracks/fissures but has not been slid in the 
past (or first-time potential slides), while residual shear 
strength is used for reactivated slopes/slides, stiff fissured 
clays (or slopes having brittle clay materials) that exhibit 
progressive failure mechanism. Cyclic (or post-cyclic) shear 
strength parameters are used to evaluate seismic (or post- 
cyclic) stability of the slopes. The subsequent sections will 
discuss about how those different shear strength parameters 
are measured in the laboratory or are estimated if laboratory 
measurements are not possible or available. Estimating these 
soil properties with easily measurable soil parameters are 
advantageous when sufficient soil samples to run the shear 
tests or shear test devices are not available. 


5 Shear Strength Measurements 


Several methods and tests are available in order to measure 
the shear strength of soil. The selection of the measurement 
method will depend on a number of factors including the type 
of soil, the shear strength(s) needed in the design or analyses, 
and the field conditions and expected mode(s) of failure. This 
paper will provide a short summary of several of these 
methods and tests. 


5.1 Direct Shear Tests 

Direct shear tests are commonly used to measure the shear 
strengths of soils under drained conditions because they are 
widely available, are easy to run and to interpret, and are 
relatively quick. However, in a direct shear test, the shear 
strength is always measured on the horizontal shearing plane. 
This plane may not be the weakest potentially resulting in an 
overestimate of the shear strength. Additionally, as the sam- 
ple is sheared, the displacement causes a reduction in the 
cross-sectional area. Direct shear tests have been used to 
measure the peak, fully softened and residual shear strengths 
of a soil mass although it is not ideal to measure the residual 
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shear strength of soil with the direct shear device. Figure 8 
shows the photographs of typical direct shear devices avail- 
able in practice. 

To conduct direct shear tests, it is necessary to either 
obtain an undisturbed sample from the field or to use 
remolded samples. Remolded samples may be natural 
samples that have been reconstituted or be samples prepared 
in the laboratory, as Tiwari and Ajmera (2011) did using dry 
clay minerals. Samples may be saturated, dry or prepared to 
some desired moisture content. Undisturbed samples may 
need to be trimmed to the dimensions associated with the 
specifications and requirements of the direct shear device 
available for the testing. It will be necessary to record the 
dimensions and weight of the sample before the testing 
procedures commence. 

Once the sample is placed in the direct shear box, the 
assembly should be placed in the apparatus. If the sample is 
saturated, the sample will be submerged in a water bath in the 
assembly to ensure that it remains saturated during the entire 
testing process. However, when testing dry or moist samples, 
the water bath will not be necessary. After the direct shear 
box has been placed in the apparatus and the displacement 
and load transducers have been assembled, the test will 
commence with a consolidation (or vertical compression) 
phase. During the direct shear test, it will be necessary to 
measure the horizontal and vertical displacements and the 
shear force requiring the use of at least two displacement 
sensors, such as dial gauges or LVDTs, and one load sensor, 
such as a proving ring or load cell. 

In the consolidation phase, a vertical load representing the 
normal stress is applied to the soil sample. This is achieved 
by placing weights on a loading arm or a pneumatic system. 
Figure 8 contains images of two direct shear systems: one 
applies a normal stress with the placement of weights (top 
image in Fig. 8) and the other uses a pneumatic system 
(bottom image in Fig. 8). The normal stress may need to be 
applied in increments allowing sufficient time between the 
increments for pore pressures to dissipate to ensure that the 
sample is capable of sustaining the next normal stress without 
sample extrusion. 

ASTM D3080/D3080M (2011) provides details about the 
specifications for a direct shear test along with some specifics 
about conducting a direct shear test. Tiwari and Ajmera 
(2011) provided a detailed description of the methods they 
adapted to measure the fully softened shear strength. In 
particular, they prepared their samples by mixing dry pow- 
dered minerals with sufficient distilled water to achieve an 
initial moisture content equal to the liquid limit of the soil 
mass. This mixture was allowed to hydrate before it was 
transformed into a slurry using a batch mixer. The slurry 
was, then, evenly placed in the direct shear box using a 
vinyl cake decoration bag with a metal tip. To consolidate 
the slurry, incremental pressures were applied with real-time 
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Fig. 8 Pictures of direct shear devices that apply normal stress using 
(top) weights placed on loading arm and (bottom) pneumatic system 


consolidation observations made using an automated data 
acquisition system integrated with the direct shear device. 
The shearing stage commenced after the primary consolida- 
tion at the desired normal stress was completed and was 
allowed to continue until the fully softened shear strength 
(or peak of the normally consolidated samples) was reached. 
It is recommended that at least four tests be conducted at 
different normal stresses to determine the friction angle and 
cohesion for the soil mass. 

Logarithm of time versus displacement graphs are used to 
monitor the dissipation of excess pore pressures that were 
generated due to the application of the normal stress on the 
soil mass. An example of this graph is shown in Fig. 9, which 
captures the three stages of deformation. The first stage 


corresponds to initial compression. This is usually a result 
of preloading occurring during the sample preparation pro- 
cess and the placement of the top platen on the sample. 
Primary consolidation occurs during the second stage. Dur- 
ing this stage, the applied loads are gradually transferred from 
the pore water to the soil skeleton as the pressurized water 
exits the soil mass. The third stage is secondary compression. 
Deformation observed in this stage is a result of the plastic 
readjustment of the soil fabric. Each increment of the consol- 
idation phase of a direct shear test is usually maintained until 
the primary consolidation is complete. 

When the primary consolidation is complete under the 
target normal stress, a horizontal force will be applied at a 
constant rate. The rate should be selected to be slow enough 
to ensure that pore pressures generated during the shearing 
process dissipate when the failure of the sample occurs. The 
vertical displacement versus logarithm of time graph from 
Fig. 9 can be used to compute the shearing rate. In particular, 
the time to failure (tp) is computed using Eq. 4, in which tso is 
the time required for the specimen to achieve 50% consolida- 
tion under the maximum normal stress. Equation 5 is then 
used to compute the shearing rate (Ra) with knowledge of the 
expected horizontal displacement at failure (dr). This is in 
alignment with the recommendations in ASTM D3080/ 
D3080M. 


tr = 50ts0 (4) 
d 

Ra= a (5) 
f 


During the shearing process, the horizontal displacement, 
vertical displacement and applied shear force should be 
measured and recorded. The shearing process continues 
until the shear strength (peak or fully softened) is obtained 
or for a maximum deformation of 10% of the height of the 
sample (ASTM D3080/D3080M). The data collected is used 
to develop horizontal displacement versus shear stress and 
horizontal displacement versus vertical stress graphs, like the 
examples provided in Figs. 10 and 11. The shear stress can be 
computed by taking the quotient of the applied shear force 
with the area of the sample. 

The differences in the behavior of normally consolidated 
and over-consolidated clays can be seen Figs. 10 and 11. 
Specifically, over-consolidated soils will tend to exhibit a 
clear peak in the shear stress versus horizontal displacement. 
After the peak strength is achieved, these soils will show a 
reduction in the shear stress with continued horizontal shear- 
ing. Furthermore, over-consolidated soils will tend to exhibit 
dilative tendencies, in that the volume of the soil mass will 
increase as the sample is sheared. On the other hand, nor- 
mally consolidated soils will tend be contractive in nature 
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illustrated by an increase in the vertical displacement with 
horizontal displacement (Fig. 11). 

The peak or fully softened shear strength can be obtained 
from Fig. 10. When this shear strength is plotted against the 
normal stress for each test conducted, it will be possible to 
obtain the Mohr-Coulomb failure envelope as shown in 
Fig. 12. The y-intercept of the best-fit line through the data 
will yield the cohesion intercept. The cohesion intercept of 
normally consolidated soils should be zero. The inclination of 
this line from the horizontal will give the friction angle. 

The direct shear device has also been used to measure the 
residual shear strength with the customized test process 
developed as outlined in Meehan et al. (2011). Some other 
authors have also presented the residual shear strengths of 
soils they tested using a multiple reversal direct shear testing. 
In doing so, they have sheared their samples to the displace- 
ment limit on the device and returned back the specimen to 
the starting position by reversing the loading. The soil speci- 
men is once again sheared to the maximum displacement 
allowed by the direct shear device at the shearing rate slow 
enough to maintain the drained loading condition. This pro- 
cess is repeated until the residual shear strength is obtained. 
However, such multiple reversal direct shear tests are not 
recommended to obtain the residual shear strengths. It is 


Fig. 10 Shear stress versus 60 
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recommended to obtain the residual shear strength of soils 
using the ring shear device. As with the peak and fully 
softened shear strength measurements, it is recommended 
that at least four direct shear tests be conducted to determine 
the parameters associated with the residual shear strength. 


5.2 Triaxial Tests 

Another commonly available soil testing system is the triaxial 
device. Triaxial tests represent the field situation better than 
the direct shear device. However, the test procedures are 
more complicated and more expensive compared to the direct 
shear tests. The peak and fully softened shear strengths have 
both been frequently measured with the use of consolidated 
drained (CD) and consolidated undrained (CU) triaxial tests. 
It should be noted that triaxial tests will be difficult to per- 
form on soft samples or on samples at low confining 
pressures. Furthermore, CD testing of low permeability 
clays may be lengthy in duration due to the amount of time 
required to back pressure saturate the sample as well as the 
required strain rate to ensure dissipation of pore pressures 
generated during the shearing process. The time required for 
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Fig. 11 Vertical displacement 
versus horizontal displacement 
grants for normally and over- 
consolidated samples 
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back pressure saturation will also be a concern when 
conducting CU triaxial tests on such low permeability soils. 

ASTM D7181 (2020) contains the specifications for CD 
triaxial tests. In addition, it also summarizes the procedures 
followed to conduct these tests. Typically, CD triaxial tests 
will require cylindrical soil samples with heights that are at 
least double the diameter. The sample is then sandwiched 
between two porous stones encompassed in a thin rubber 
membrane, as presented in Fig. 13. The assembly is placed 
within a water-filled cylindrical chamber and the pressure of 
the water in the chamber is increased in order to apply a cell 
(or confining) pressure on the sample (Fig. 14). 

After the sample is mounted, back pressure saturation is 
used to saturate the sample. In this process, back pressure is 
applied to the sample as water is forced into the voids within 
the soil mass resulting in a displacement of the air (or other 
gasses) present. The water pressure must be carefully con- 
trolled to ensure that the sample is not damaged during the 
saturation process. The saturation is verified with the use of 
Skempton’s pore pressure coefficient or B-value. This value 
is a measure of the changes in pore pressure that result due an 
increase in the cell pressure. If the sample is saturated, the 
B-value will be close to one. Lower B-values will indicate 
that the void spaces are filled with both water and air and 
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thus, the sample is not saturated. Typically, the sample is said 
to be saturated if the B-value is greater than 0.95, but in some 
cases, lower B-values may also be accepted. 

Once the sample has been saturated, it will be consolidated 
by increasing the pressure of water in the chamber to the 
required confining pressure. The completion of the primary 
consolidation is monitored using real-time data collected and 
recorded by an attached computer system. At this point, the 
sample will be sheared at a rate slow enough to ensure 
drained loading conditions. Termination of the shearing pro- 
cess typically coincides with the measurement of the peak 
deviator stress or the application of 20% axial strain. The 
axial strain criterion results from the maximum allowed 
deformation in the soil sample before the applied deviatoric 
stresses become eccentric in nature. The process is repeated 
for at least three, preferably four, samples to allow for the 
determination of shear strength parameters. 

The procedures for conducting CU triaxial tests are nearly 
identical to those described above for the CD triaxial test. 
They can be found described within ASTM D4767 (2020). 
There are some major differences between the CD and CU 
triaxial tests. The biggest is that the drainage valve is closed 
during the shearing process in a CU triaxial test. In contrast, 
during the CD triaxial test, this valve is left open allowing 
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Fig. 13 A triaxial test sample assembly 


volume change to occur (or the pressurized pore water to 
drain out). These changes in the volume are measured by 
collecting the drained pore water from the sample. However, 
since the valve is closed in the CU triaxial test, volume 
change is not possible and pore pressures will be generated 
with the soil mass, instead. Instead of measuring the volume 
change, the CU triaxial test will measure the pore pressures 
generated. Finally, since volume change is not allowed in a 
CU triaxial test, the test can be conducted at a faster rate than 
CD triaxial tests, which must allow sufficient time during the 
shearing process for excess pore pressures to dissipate and 
the resulting volume change to occur. Thus, CD triaxial tests 
are typically conducted at shearing rates that are about eight 


Fig. 14 Illustration of a triaxial 
testing mechanism 
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to ten times slower than the shearing rates used in CU triaxial 
tests. 

Data related to the axial deformation, cell pressure (63°) 
and deviator force are recorded during the shearing process. 
In the CD triaxial test, the change in the volume of the sample 
is also recorded, whereas, the pore pressure is recorded in the 
CU triaxial test. Since volume change is permitted in the CD 
triaxial test, the cross-sectional area of the sample will not 
remain constant over the duration of the shearing process. 
The area (A) can computed using Eq. 6. In Eq. 6, A, is the 
initial cross-sectional area of the sample, €, is the axial strain 
and e, is the volumetric strain. The axial and volumetric 
strains can be computed using Eqs. 7 and 8 as ratios of the 
axial deformation (AL) to the original length (L) and the 
change in volume (AV) to the original volume (V), 
respectively. 


a= Adio) (6) 

c= (7) 
AV 

E&x = v (8) 


The area from Eq. 6 and the deviator force (Pa) will make 
it possible to determine the deviator stress (og) from Eq. 9. 
An example of the variation of this deviator stress with axial 
strain is shown in Fig. 15. Figure 16 contains an example of 
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Fig. 15 Example of deviator 
stress versus axial strain graphs 
obtained from CD triaxial tests 
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the corresponding volumetric strains with axial strains. The 
trends in Figs. 15 and 16 will be similar to the shear stress 
versus horizontal displacement and vertical displacement 
versus horizontal displacement graphs obtained from a direct 
shear test. Specifically, normally consolidated samples will 
tend to exhibit plateau in the deviator stress and compressive 
volume change behavior. This is similar to that shown for the 
sample tested under a confining pressure of 1500 kPa in 
Figs. 15 and 16. On the other hand, over-consolidated 
samples will have a clear peak followed by strain softening 
behavior (that is, a reduction in the deviator stress with an 
increase in the axial strain). The volume change behavior will 
be dilative indicating an increase in the volume of the sample. 
When the sample in Figs. 15 and 16 was tested under a 
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confining pressure of 1000 kPa, it exhibited behavior typical 
of over-consolidated soils. 


Od = =z (9) 


The deviator stress at failure can be used to compute the 
effective axial stress at failure (61°) as shown in Eq. 10. The 
axial stress at failure and the corresponding confining pres- 
sure represent the normal stresses on the vertical and hori- 
zontal planes of the soil element tested allowing for the 
construction of a Mohr’s circle. Such Mohr’s circles will 
then be constructed for each CD triaxial test conducted. An 
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Fig. 17 Example of deviator stress versus axial strain graphs obtained from CD triaxial tests 


example is shown in Fig. 17. The best-fit line tangent to these 
Mohtr’s circles will be the Mohr-Coulomb failure envelope, 
whose intercept will be equal to the effective cohesion and 
the slope can be used to compute the effective friction angle. 


o =05+04 (10) 

The procedures for reducing the data from the CU triaxial 
test is similar to that described above for the CU triaxial test. 
However, since volume change is not permitted during the 
shearing process, the pore pressure generated in the sample is 
recorded in lieu of the volume change. Thus, the CU triaxial 
test will allow for the determination of both the total and 
effective shear strength parameters. The cross-sectional area 
of the sample at any point in the shearing process can be 
computed using Eqs. 6 and 7. It is should be noted that since 
volume change is not permitted, the volumetric strain will be 
equal to zero. Equation 9 can then be used to determine the 
deviator stress. 

Figure 18 presents an example of the deviator stress 
(Fig. 18 top) and pore pressure (Fig. 18 bottom) versus 
axial strain graphs obtained from a series of CU triaxial 
tests. In an over-consolidated soil, the curve for the deviator 
stress versus axial strain would be expected to display a peak 
similar to those trends shown in Figs. 10 and 15 for the direct 
shear and CD triaxial tests, respectively. Furthermore, nega- 
tive pore pressures could be expected to develop in the 
sample as it tended to exhibit dilative tendencies. 

The total confining pressure (63) will be equal to the cell 
pressure applied on the sample at the end of the consolidation 
phase (or at the instant that the shearing process commenced). 
The effective confining pressure (63°) can be computed as the 
difference between the total confining pressure and pore 
pressure (u) recorded, as shown in Eq. 11. Equations 10 


and 12 are then used to compute the effective and total 
axial stresses, respectively. 


(11) 


(12) 


o} =03—u 
01 = 03 + 6g 


The total and effective confining and axial stresses at 
failure will provide the information necessary to draw the 
respective Mohr’s circles at failure. This is illustrated with 
the example in Fig. 19. As with the CD triaxial test, a best-fit 
line drawn tangent to the effective stress Mohr’s circles will 
facilitate the measurement of the effective cohesion intercept 
and the effective friction angle. Similarly, the best-fit line 
tangent to the total stress Mohr’s circle will indicate the 
corresponding undrained shear strength parameters. 

Meehan et al. (2011) used triaxial tests to measure the 
residual shear strength of samples using polished slickenslide 
surfaces. To do so, they constructed a special mold to be used 
during the sample preparation that would prevent significant 
disturbance. This mold allowed the sample to be cut using a 
wire and polished to form slickenslide surfaces. Some figures 
of the process are provided in Fig. 20. In their study, Meehan 
et al. (2011) constructed the mold to have a failure plane 
inclined at 55° from the horizontal based on the expected 
residual friction angle for the soils they were testing. To 
create the polished surface, they sheared both parts of the 
sample for a total displacement of approximately 2 m along a 
frosted glass. The sample was then reassembled and placed in 
a triaxial cell in order to measure the residual shear strengths. 

The shear strengths measured in a triaxial test can be 
significantly affected by the end-platen restraints (Meehan 
et al. 2011; Bishop and Henkel 1962; Barden and McDermott 
1965; Chandler 1966; Skempton and Petley 1967). 
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Fig. 18 Example results from 
CU triaxial test for (top) deviator 
stress versus axial strain and 
(bottom) pore pressure versus 
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Specifications to conduct triaxial compression tests using a 
free top platen on specimens that will fail in a single plane 
shearing mechanism were provided by Bishop and Henkel 
(1962) and adapted by Skempton and Petley (1967)) and 
Chandler (1966). A free end approach was presented by 
Barden and McDermott (1965). In this approach, a greased 
membrane was used. The membrane allowed the ends of the 
specimen to expand radially, while permitting the specimen 
to experience a small amount of lateral movement during the 
shearing process. Meehan et al. (2011) used a both ends free 
platen approach in their study. This approach minimized the 
effect of lateral platen restraint while the sample was sheared 
along a single plane. 

To use the both ends free approach, Meehan et al. (2011) 
constructed special base and top platens that permitted unre- 
strained lateral movement of the specimen during the 


Axial Strain (e,, %) 


shearing process. Figures 21 and 22 contain schematics and 
pictures of the triaxial test device set-up used. As seen from 
these figures, free lateral movement was permitted by placing 
ball bearings in a thin vacuum grease. They opted to use 
3.2 mm diameter steel ball bearings placing seventy of 
them in each of the top and bottom platens. Their system 
resembles that utilized by Bishop and Henkel (1962), who 
used rollers. The use of ball bearings allows for unrestrained 
movement in any horizontal direction. In addition, the system 
used by Meehan et al. (2011) has a free base. 


5.3 Direct Simple Shear Tests 


Direct simple shear tests have been used to measure the peak 
and fully softened shear strengths. This device offers several 
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Fig. 19 Example of Mohrs’ circles and failure envelopes obtained from CU triaxial tests 


advantages compared to the direct shear and triaxial tests. 
Similar to the direct shear apparatus, the test setup is rela- 
tively straightforward. However, in direct simple shear tests, 
the sample is allowed to fail along its weakest plane. Further- 
more, the cross-sectional area remains constant throughout 
the shearing process. This provides results that are more 
accurate. Additionally, simple shear tests require smaller 
soil samples than triaxial testing, resulting in shorter consoli- 
dation times. It is important to note that commercial avail- 
ability of this device is currently limited. 


Fig. 20 Images of (a) specialized 
mold, (b) sample cut by a wire, (c) 
polishing process and (d) 
slickenslide surfaces created 
(Source: Meehan et al. 2011) 


The direct simple shear tests are conducted following the 
guidelines outlined in ASTM D6528 (2017). Tiwari and 
Ajmera (2014) conducted tests on ten different soil samples 
using the direct simple shear apparatus. The procedures used 
in their study closely resemble those described by Tiwari and 
Ajmera (2011) for direct shear testing of similar soil samples. 
Fig. 23 shows the simple shear device used by Tiwari and 
Ajmera (2011) and samples prior and after shearing. In the 
direct simple shear tests performed by Tiwari and Ajmera 
(2014), the soil sample is carefully placed within a rubber 
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Fig. 21 Both ends free triaxial 
test set-up schematic from 
Meehan et al. (2011) (a) before 
and (b) after shearing 


Fig. 22 Pictures of the both ends 
free triaxial system from Meehan 
et al. (2011). (a) placement of ball 
bearings on a platen, (b) 
connection of top platen with 
triaxial device, (c) connection of 
the bottom platen with triaxial 
device and (d) entire set-up 
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Fig. 23 (top) a typical simple shear device, (bottom left) sample prepa- 
ration and (bottom right) sample after the shearing process is completed 


membrane and positioned inside a stack of Teflon® rings. In 
other simple shear apparatuses, the sample may be laterally 
confined by a wire mesh. Subsequently, this assembly is 
securely placed into the direct simple shear box, where the 
consolidation process takes place. This consolidation process 
may be designed to occur incrementally. After the sample is 
subjected to the desired normal stress and the primary con- 
solidation is complete, shearing of the sample is induced by 
applying a shear force at a desired strain rate. The shearing 
phase is conducted under undrained conditions. By 
maintaining undrained conditions, any changes in the pore 
water pressure are captured and considered in the analysis. 
Per ASTM D6528, the shearing process is continued until the 
peak shear strength is obtained or for a maximum of shear 
strain of 25%. 

During shearing phase of the direct simple shear test, the 
sensors on the device will record the horizontal displacement 
(Ax) along with the normal (P) and shear (T) forces. In the 
data reduction, this information is used to compute the shear 
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strain (y), the effective normal stress (o’), pore pressure 
(u) and shear stress (t) on the sample. To do so, Eqs. 13 to 
16, respectively, are utilized. In these equations, ©.’ is the 
consolidation pressure. As noted before, constant volume is 
maintained during the shearing phase of a direct simple shear 
test. Thus, the changes in the effective normal stress are 
found to be equivalent to the pore pressure developed in the 
sample (Airey and Wood 1987; Bjerrum and Landva 1966, 
and Dyvik et al. 1987). 


Ax 
=H (13) 
d=? (14) 
u=o,—0 (15) 
r= (16) 


Using the parameters measured from the direct shear test, 
stress-strain curves and pore pressure versus strain curves 
should be prepared for each sample tested. Figure 24 contains 
an example of the shear strain versus shear stress curves 
obtained from a series of direct simple shear tests, while 
Fig. 25 contains the corresponding shear strain versus pore 
pressure curves. These figures correspond to normally 
consolidated samples and thus, result in the compressive 
tendencies in the pore pressure that is generated during the 
shearing process. Figure 26 provide an example of the results 
obtained from a series of direct simple shear test conducted 
on samples at different over-consolidation ratios. 

The maximum shear stress in Figs. 24 and 26 correspond 
to the shear strength of the sample. When this shear strength 
is plotted against the corresponding consolidation pressure, 
the Mohr-Coulomb envelope associated with total stress is 
obtained. On the other hand, when the corresponding effec- 
tive normal is used instead of the consolidation pressure, the 
Mohr-Coulomb failure envelope obtained allows for the 
determination of the effective shear strength parameters. An 
example of the total and effective stress Mohr-Coulomb 
envelopes is shown in Fig. 27. As before, the y-intercept 
will indicate the cohesion intercept, while the slope of the 
line can be used to compute the friction angle for the total and 
effective stress conditions. 


5.4 Ring Shear Tests 

The ring shear device has emerged as the preferred technique 
for quantifying residual shear strength due to its unique 
ability to continuously shear samples in a single direction 
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Fig. 24 Example of the shear 250 
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while maintaining a consistent cross-sectional area (Watry 
and Lade 2000). In particular, researchers, such as Bishop 
et al. (1971), have emphasized that only the torsional or ring 
shear test can genuinely replicate residual conditions within 
laboratory settings. Similarly, Lupini et al. (1981) asserted 
that the ring shear device offers the most precise measure- 
ment of residual shear strength, minimizing any potential 
ambiguities. In fact, Hawkins and Privett (1985) concluded 
that ring shear tests exhibit superior repeatability compared to 
alternative methods. However, it is worth noting that the 
non-uniform distribution of stress across the annular samples 
used in these tests poses a potential challenge. 

The development of the ring shear device for assessing 
residual strength has been extensively documented in various 
publications, including the works of Bromhead et al. (1999), 
Hvorselv (1939), and Boucek (1977). The initial develop- 
ment of the ring shear test is credited to Arthur Casagrande 
and was later reported by Hvorselv (1939) according to 
Harris and Watson (1997). Bishop et al. (1971) introduced 
a specific type of ring shear device capable of measuring 
residual shear strength under large displacements. To expe- 
dite drainage, LaGatta (1970) and Bromhead (1979) 
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incorporated smaller, thinner samples into their designs. 
While Stark and Eid (1994) proposed additional 
modifications, it has been argued by Bromhead et al. (1999) 
that these alterations deviated from the device’s intended 
simplicity and user-friendly nature. Anayi et al. (1989) fur- 
ther suggested modifications to the Bromhead ring shear 
device advocating for doubled sample thickness and changes 
to the torque arm shape to accommodate larger samples. 
Steward and Cripps (1983), Hawkins and Privett (1985), 
Stark and Eid (1993), and Dewhurst et al. (1996) also pro- 
posed their own modifications to the ring shear device. 

As a result of the parallel development of different ring 
shear devices (Fig. 28), each variation presents distinct 
advantages and disadvantages. For instance, the design 
presented by Bishop et al. (1971) allows for adjustable gaps 
between the top and bottom rings, thereby facilitating the 
testing of wet specimens. Shearing occurs at the mid-height 
of the sample in this particular device. Conversely, the device 
predominantly developed by Bromhead (1979) shears the 
soil samples in close proximity to the upper platen. Notably, 
this design enables the achievement of the residual condition 
at smaller strain levels. 
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Fig. 26 Example of the shear 100 
stress-shear strain and pore 
pressure versus shear strain curves 
obtained from simple shear tests 
conducted on over-consolidated 
samples with a pre-consolidation 
pressure of 1200 kPa (Source: 
Ajmera et al. 2018, with 
permission from ASCE) 
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Data collection during the shear phase of the ring shear can be computed from Eq. 20. These results are used to 
test consists of measurements of the axial deformation, develop horizontal displacement versus shear stress and 
torque angle (0) and shear force. The horizontal displacement axial deformation versus horizontal deformation curves. 
(Ax) is then computed using Eq. 17, where ray, is the average 
radius of the sample found using Eq. 18 as the average of the 
internal (r;) and external (ro) radii of the annular sample. (Fave) (0) 

Next, the shear stress is computed using Eq. 19 as a function 180° 
of the shear force, the average radius and the polar moment of 
inertia (J). The polar moment of inertia of an annular sample 
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Fig. 28 Different types of ring shear devices available in practice 
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Figure 29 shows an example of the horizontal displace- 
ment versus shear stress obtained from ring shear tests. The 
residual shear strengths obtained at large displacements from 
these curves are used to plot a Mohr-Coulomb failure enve- 
lope. A typical Mohr-Coulomb envelope from the ring shear 
test is shown in Fig. 30. 

ASTM D6467 (2013) provides detailed procedures for 
conducting ring shear tests to measure the residual shear 
strength of cohesive soils. Multiple methods can be 
employed, involving different normal stresses, to establish 
the failure envelope and determine the shear strength 
parameters. In their study, Tiwari and Marui (2004) exam- 
ined three testing methods for the ring shear device: separate 
tests for each normal stress as well as a multistage ring shear 
test with increasing or decreasing loads. Although the resid- 
ual friction angle remained consistent across the testing 
methods, variations were observed in the cohesion intercept. 
Tiwari and Marui (2004) underscored the advantages of 
employing a multistage ring shear test, including enhanced 
consistency by employing the same sample for all normal 
stresses and reduced sample volume requirements in compar- 
ison to that required to conduct separate ring shear tests. 
These benefits corroborated the findings of Bromhead 
(1992) and Harris and Watson (1997). 

Tiwari and Marui (2005) provided detailed procedures for 
conducting ring shear tests to measure the residual shear 
strength, which are briefly summarized here. The study 
utilized a ring shear device based on the Imperial College 
and Norwegian Geotechnical Institute (NGI) model. This 
device was originally described by Bishop et al. (1971). 
Several modifications were made to the device to enhance 
its functionality including the ability to accommodate larger 
sample sizes, transparent outer rings for external observation 
of the soil sample during shearing, a wide range of shearing 
rates, and a pore-water measurement system at the shearing 
plane. For their experiments, natural soil samples passing 
through a 2 mm sieve or soil mixtures were mixed with 
distilled water to achieve a water content close to the liquid 
limit (Tiwari and Marui 2005). These samples were then 
loaded into the ring shear device and compacted. Consolida- 
tion was carried out incrementally until more than 95% 
consolidation was achieved at each step. After determining 
the residual shear strength at the highest of the desired normal 
stresses, Tiwari and Marui (2005) employed the reducing 
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Fig. 29 Shear stress versus horizontal displacement curve examples from ring shear tests (Source: Tiwari et al. 2020a, b, with permission from 


ASCE) 


load multistage ring shear testing method to measure the 
residual shear strengths at lower normal stresses. This 
method is described in detail in Bromhead (1992) and Tiwari 
and Marui (2004). 


5.5 Cyclic Simple Shear Tests 

The cyclic simple shear test was found to be most suitable for 
replicating the in-situ cyclic stresses caused by ground shak- 
ing, by several researchers including Seed and Peacock 
(1971), Finn et al. (1971), Silver et al. (1976), Vucetic 
(1988), and Song et al. (2004). Based on these findings, the 
cyclic simple shear apparatus is recommended to capture the 
cyclic and post-cyclic response of soils. Ajmera et al. (2017, 
2019) used a cyclic simple shear device that confines the soil 
specimen in a stack of Teflon®-rings and a latex membrane 
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to conduct testing on a number of laboratory prepared and 
natural samples. 

In their study, Ajmera et al. (2017, 2019) used sample 
preparation procedures identical to those previously 
described by Tiwari and Ajmera (2011, 2014) to conduct 
direct shear and simple shear tests, respectively. In particular, 
Ajmera et al. (2017, 2019) prepared their laboratory samples 
by mixing dry mineral powders in the appropriate 
proportions based on their dry weight, followed by the addi- 
tion of de-aired distilled water to achieve a liquidity index of 
one. The mixtures were allowed to hydrate for a minimum of 
24 h. Each specimen was then placed in the cyclic simple 
shear apparatus, where the specimens underwent incremental 
consolidation under at-rest conditions. In each increment, the 
stress was doubled after each completion of primary consoli- 
dation until a target normal stress was reached (Ajmera et al. 
2017, 2019). 
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Fig. 30 Example of the Mohr-Coulomb failure envelope for the residual shear strength (Source: Tiwari et al. 2020a, b, with permission from 


ASCE) 
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Following primary consolidation at the target normal 
stress, the specimens were subjected to stress-controlled 
cyclic loading while maintaining constant volume. In Ajmera 
et al. (2017, 2019), a sinusoidal wave form with a frequency 
of 0.5 Hz was applied to generate the cyclic stresses, consis- 
tent with recommendations in the literature. The amplitude of 
the cyclic load was determined by the cyclic stress ratio 
(CSR). The cyclic stress ratio represents the ratio of the 
amplitude of the cyclic stress to the vertical consolidation 
stress. This definition aligns with the one used by Bray and 
Sancio (2006). Cyclic loading was continued until the speci- 
men experienced a double amplitude shear strain of 10%. If 
the desired strain level was not reached within 500 cycles, the 
cyclic phase of the test was terminated. The termination 
criteria Ajmera et al. (2017, 2019) adapted is similar to the 
recommendations in the ASTM D5311/D5311M (2013). 

During the cyclic loading phase, time series data related to 
the horizontal (Ax) and vertical (Ay) displacements along 
with the vertical (P) and shear (T) forces is recorded. The 
frequency (f) and time (t) data is used to calculate the number 
of cycles (N) using Eq. 21. Furthermore, since the frequency 
and period (T) of a cyclic load are interrelated, the relation- 
ship between the time data and the period is also presented in 
Eq. 21. Equations 13 to 16 are used to compute the shear 
strain, effective normal stress, pore pressure and shear stress, 
respectively, during the cyclic loading phase of the test. 


(21) 


Stress and pore pressure behavior during the cyclic phase 
of a cyclic simple shear test is shown in Fig. 31. The example 


Fig. 31 Example of stress and 120 


pore pressure behavior of sample 
during the cyclic simple shear test 
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in Fig. 31 is for a sample that was subjected to a cyclic stress 
ratio of 0.141. The corresponding stress-strain hysteresis 
loops for this sample are presented in Fig. 32. In this figure, 
the double amplitude shear strain or the difference between 
the shear strain at the peak and trough of the cyclic load, was 
less than 10%. This resulted in the application of 500 cycles 
of loading as Fig. 31 illustrated. The curve labeled effective 
normal stress depicts the variation in the effective normal 
stress over the duration of the cyclic loading, which is shown 
with the curve labeled applied cyclic stress. The pore pressure 
curve was then back-calculated. These results can be used to 
compute the double amplitude shear strain developed in each 
cycle and with the use of interpolation, it will be possible to 
determine the number of cycles required to reach a targeted 
level of shear strain in the sample. 

Based on the guidelines presented by Andersen et al. 
(1976) and Brown et al. (1977), a subsequent phase of 
undrained strain-controlled static loading was initiated imme- 
diately after the completion of the cyclic loading phase in the 
study performed by Ajmera et al. (2019). In this phase, the 
top platen was kept fixed while the bottom platen was hori- 
zontally displaced at a constant rate of 5% per hour. This 
loading rate adhered to the recommendations specified in 
ASTM D6528 and aimed to determine the undrained shear 
strength of the specimen after it has experienced cyclic load- 
ing (or the post-cyclic undrained shear strength). The data 
reduction procedures will be identical to those described 
previously for the direct simple shear tests. As such, they 
are not re-produced here. 

Ajmera et al. (2021) recognized that soils in-situ are typi- 
cal subjected to multiple cyclic loading events instead of a 
single event, as assumed by Ajmera et al. (2017, 2019). That 
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Fig. 32 Stress-strain hysteresis 
loops from the cyclic phase of a 
cyclic simple shear test 
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is, in an earthquake, the soil mass would be subjected to a 
number of foreshocks, the main shock, and several 
aftershocks over a short duration. Ajmera et al. (2021) 
noted that this sequential occurrence of seismic events has 
the potential to intensify the degradation of soil strength, 
possibly leading to subsequent failures or even more severe 
consequences. Thus, they conducted cyclic simple shear tests 
following the sample and testing procedures previously 
described (Ajmera et al. 2017, 2019), but rather than measur- 
ing the undrained shear strength immediately after the appli- 
cation of a cyclic load, their samples were subjected to 
another cyclic load. Different degrees of excess pore pressure 
dissipation were permitted between the two cyclic loading 
events. The second cyclic load also had a sinusoidal wave- 
form with an amplitude determined by a second cyclic stress 
ratio and a frequency of 0.5 Hz. Like Ajmera et al. (2017, 
2019), Ajmera et al. (2021) also terminated the cyclic loads 
when 10% double amplitude shear strains or 500 cycles of 
loading was obtained. The undrained shear strength was then 
measured using procedures identical to those described in 
Ajmera et al. (2019) immediately following the termination 
of the second cyclic loading phase. 


5.6 Cyclic Triaxial Tests 
While the cyclic simple shear test is the most representative 
of in-situ conditions during the application of cyclic loads, 
the cyclic triaxial test is more commonly used to determine 
the dynamic properties of soils. A picture of a cyclic triaxial 
test system is shown in Fig. 33, while a closer image of the 
sample set-up is provided in Fig. 34. 

The procedures for conducting a cyclic triaxial test can be 
found in ASTM D5311/D5311M. Procedures described ear- 
lier for the CD and CU triaxial tests are the same as those 
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used to prepare, back-pressure saturate and consolidate the 
sample to the desired confining pressure in a cyclic triaxial 
test. However, after the completion of the primary consolida- 
tion, the sample will be subjected to a cyclic load to obtain the 
cyclic characteristics following which it may be sheared 
under static conditions to capture the post-cyclic behavior. 
Similar to the cyclic simple shear test, a sinusoidal wave form 
is typically used to apply the cyclic loads. However, while the 
amplitude is still expressed in terms of the cyclic stress ratio, 
this ratio is computed using Eq. 22, where og ,yc is the 
amplitude of the cyclic deviator stress applied. A number of 
different termination criteria exist in the literature to deter- 
mine when to stop the application of the cyclic load. These 
criteria are often a combination of one or more of the follow- 
ing types of constraints: a minimum pore pressure ratio, a 
maximum single or double amplitude axial strain, or a maxi- 
mum number of cycles of loading. The single amplitude axial 
strain is the maximum strain from the origin in either com- 
pression or extension during a single cycle, while the double 


Fig. 33 Cyclic triaxial system 
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Fig. 34 Close-up picture of sample set-up in cyclic triaxial test 


amplitude axial strain the difference between the maximum 
strain in compression and extension in a single cycle of load. 
The recommended termination criteria in ASTM D5311/ 
D5311M are a maximum double amplitude axial strain of 
20%, a maximum single amplitude axial strain of 20% in 
either compression or extension or a maximum of 500 cycles 
of loading. 


E Od,cyc 
CSR = A a 


(22) 
Data pertinent to the axial deformation, pore pressure and 
deviator force is recorded during the cyclic phase of a cyclic 
triaxial test. Equations 6, 7 and 9 presented previously can 
used to compute the corresponding stresses and strains during 
the test. If the sample is subjected to axial compression after 
the application of the cyclic loads to obtain the post-cyclic 
shear strength and behavior, the data reduction will be iden- 
tical to that described previously for the CU triaxial test. 


6 Correlations Methods to Obtain Soil 
Shear Strengths 


The best way to obtain the shear strength parameters for slope 
stability analyses using the appropriate soil testing 
procedures explained in previous section. However, it is not 
always possible to obtain enough soil samples or soil testing 
devices to perform those tests. In such situations, if we obtain 
soil samples from appropriate depths even in small quantities 


that are enough for index property testing (e.g. hydrometer 
analysis, liquid limit tests, plastic limit tests, and x-ray dif- 
fraction), we can indirectly estimate pertinent shear strengths 
through various correlations with these properties. Some of 
those correlation methods are explained in the following 
sections. 


6.1 Fully Softened Shear Strength 

Correlations to estimate the fully softened shear strength have 
appeared in the literature since 1970. In particular, the 
correlations in the literature have used the following 
parameters to develop relationships to estimate the fully 
softened shear strengths: 


e Plasticity index (Ladd et al. 1977; Moon 1984; and Mesri 
and Abdel-Ghaffar 1993; Castellanos and Brandon 2013) 

e Plasticity index and mineralogy (Tiwari and Ajmera 2011, 
2015) 

e Liquid limit and clay fraction (Saleh and Wright 2005) 

e Liquid limit and effective normal stress (Wright 2005) 

e Liquid limit and mineralogy (Tiwari and Ajmera 2011, 
2015) 

e Liquid limit, clay fraction and effective normal stress (Eid 
1996; Stark et al. 2005; Stark and Hussain 2015) 

e Clay fraction and mineralogy (Tiwari and Ajmera 2011) 

e Mineralogy (Tiwari and Ajmera 2011) 

e Combinations of various parameters (Eid and Rabie 2016; 
Castellanos et al. 2016; Castellanos and Brandon 2019; 
Stark and Fernandez 2019). 


In their comprehensive study, Tiwari and Ajmera (2011) 
conducted an extensive analysis of thirty-six laboratory- 
prepared soil samples using the direct shear testing. These 
samples were prepared by blending different proportions of 
clay minerals, particularly montmorillonite and kaolinite, 
with ground quartz. The primary objective of their research 
was to establish correlations between the fully softened shear 
strength, clay content, and mineralogical composition of the 
soils. 

Tiwari and Ajmera (2011) presented several correlations 
in their study. Figure 35 shows the relationship they devel- 
oped between the clay content, mineralogy, and the fully 
softened shear strength. This figure illustrated the importance 
of considering the clay mineralogy in estimating the fully 
softened shear strength. Specifically, Fig. 35 shows the sig- 
nificant differences, at a constant clay content, between the 
fully softened friction angles with mixtures of kaolinite with 
quartz having significantly higher strengths than the mixtures 
of montmorillonite with quartz. They also explored the cor- 
relation between the fully softened friction angle and the 
liquid limit, taking into account the specific clay mineralogy. 
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Fig. 35 Correlation to estimate 
the fully softened friction angle as 
a function of clay content and 
mineralogy proposed by Tiwari 
and Ajmera (2011) 
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This relationship, depicted in Fig. 36, offers a useful tool for 
estimating the fully softened friction angle based on the 
liquid limit of a given soil sample. Furthermore, the 
relationships are significantly better than those previously 
presented by Wright et al. (2007) and Stark et al. (2005). 

In addition to the liquid limit, Tiwari and Ajmera (2011) 
investigated the correlation between the fully softened 


Fig. 36 Correlation to estimate 
the fully softened friction angle as 
a function of the liquid limit and 
clay mineralogy proposed by 
Tiwari and Ajmera (2011) 
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friction angle and the plasticity index. They found that the 
relationship with the plasticity index could be generalized 
across different mineralogical compositions. Their proposed 
relationship is shown in Fig. 37. A unique contribution from 
the work conducted by Tiwari and Ajmera (2011) was the 
examination of the fully softened shear strength in terms of 
the clay mineralogy. They introduced a triangular correlation 
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Fig. 37 Correlation proposed by 
Tiwari and Ajmera (2011) to 
estimate the fully softened shear 
strength as a function of plasticity 
index 
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chart, as shown in Fig. 38, which enables the estimation of 
the fully softened friction angle based on the percentages of 
clay minerals present in the soil mass. Figure 38 further 
demonstrated the strong control of clay mineralogy on the 
fully softened shear strength. Specifically, at low kaolinite 
contents, the fully softened friction angle was found to only 
vary slightly, while at higher kaolinite contents, the fully 
softened friction angle was sensitive to the amount of kaolin- 
ite present in the soil mass. On the other hand, when the 
montmorillonite content was high, the quantity of 


Fig. 38 Proposed triangular 
correlation chart in Tiwari and 
Ajmera for the fully softened 
friction angle in terms of clay 
mineralogy 
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montmorillonite present did not significantly influence the 
fully softened friction angle, while strong dependency of 
the fully softened friction angle on the amount of montmoril- 
lonite was noted in soils with low montmorillonite contents. 

To validate the proposed correlations, Tiwari and Ajmera 
(2011) compared their estimated values with results obtained 
from over eighty natural soils. They discovered that their 
estimates, derived from Figs. 36 and 37, had an acceptable 
margin of error within 25% when compared to the measured 
values. Furthermore, the estimates based on the triangular 
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Fig. 39 Correlation proposed by 
Tiwari and Ajmera (2015) to 
estimate the fully softened shear 
strength as a function of liquid 
limit and pore fluid fluids (with 
permission from ASCE) 
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correlation chart demonstrated an even higher accuracy with 
deviations of less than 15%. 

Tiwari and Ajmera (2014) delved into the impact of pore 
fluid chemistry on the fully softened friction angle of soils. 
They conducted a comprehensive analysis and developed 
unified correlations to estimate the fully softened friction 
angle for two scenarios: soils with distilled water and soils 
with saline water as the pore fluid. In Tiwari and Ajmera 
(2014), saline water was prepared to be a solution of sodium 
chloride with a 0.5 M concentration. 

From the results obtained, Tiwari and Ajmera (2014) 
developed a number of correlations to estimate the fully 
softened shear strength for the different pore fluids they 
tested. Some of these are re-produced in this paper. Figure 39 
illustrates the relationship between the fully softened friction 


Fig. 40 Correlation proposed by 
Tiwari and Ajmera (2015) to 
estimate the fully softened shear 
strength as a function of plasticity 
index and pore fluid fluids 
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angle and the liquid limit, specifically for soils with distilled 
water as the pore fluid as well as those with saline water as the 
pore fluid. Similarly, Fig. 40 depicts the correlation between 
the fully softened friction angle and the plasticity index for 
those soils with both of the pore fluids examined by Tiwari 
and Ajmera (2014). Both Figs. 39 and 40 illustrated that the 
fully softened friction angle remained nearly constant at 
liquid limits greater than 150 and plasticity indices greater 
than 100, respectively. Under these conditions, the montmo- 
rillonite present in the soil mass may be dominating the 
behavior and thus, the strength available. 

Tiwari and Ajmera (2015) presented correlations, as 
shown in Figs. 41 and 42, that establish the relationship 
between the ratio of the fully softened friction angle with 
saline water as the pore fluid to the fully softened friction 
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Fig. 41 Correlation proposed by 3.0 
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angle with distilled water as the pore fluid. These ratios are 
determined based on the corresponding ratios of the liquid 
limits and plasticity indices for the respective pore fluids. 
Figures 41 and 42 demonstrated that the differences in the 
fully softened shear strength that resulted when different pore 
fluids were present could be attributed to the effects of the 
pore fluids on the plasticity characteristics of the soil mass. 


6.2 Residual Shear Strength 


A number of correlations to estimate the residual shear 
strength are available in the literature. These correlations 
are related to a variety of different parameters including the 
following: 


Fig. 42 Correlation proposed by 
Tiwari and Ajmera (2015) to 
estimate the ratio of the fully 
softened friction angle with saline 
water as the pore fluid to the fully 
softened friction angle with 
distilled water as a function of the 
same ratio for the plasticity 
indices (with permission from 
ASCE) 
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Clay fraction (Skempton 1964; Lupini et al. 1981; and 
Tika and Hutchinson 1999) 

Liquid limit (Cancelli 1977; Mesri and Cepeda-Diaz 
1986; and Stark and Eid 1997) 

Liquid limit and mineralogy (Tiwari and Marui 2003; and 
Tiwari and Marui 2005) 

Liquid limit, clay fraction and effective normal stress 
(Stark and Eid 1994; Eid 1996; Stark and Hussain 2015; 
Eid et al. 2016; and Tiwari and Marui 2005) 

Plasticity index (Voight 1973; Kanji 1974; Kanji and 
Wolle 1977; Gibo 1985; Borden and Putrich 1986; 
Müller-Vonmoss and Løken 1989; Tiwari and Marui 
2005; and Toyota et al. 2009) 

Plasticity index and effective normal stress (Hawkins and 
Privett 1985) 
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Fig. 43 Tiwari and Marui (2003) 
proposed triangular correlation 
chart for the residual friction angle 


e Plasticity index and mineralogy (Tiwari and Marui 2003; 
and Tiwari and Marui 2005) 

e Plasticity index, clay fraction and effective normal stress 
(Eid et al. 2016) 

e Mineralogy (Miiller-Vonmoss and Løken 1989; Tiwari 
and Marui 2005; and Tiwari and Marui 2003) 

e Various combinations of a numerous factors (Collotta 
et al. 1989) 


Tiwari and Marui (2003) conducted a comprehensive study 
involving ring shear tests on mixtures of bentonite, kaolin, 
and Toyoura sand. Their research shed light on the influence 
of clay mineralogy on the residual friction angles of these soil 
materials. In addition to their experimental conclusions, 
Tiwari and Marui (2003) went further and provided practical 
correlations to estimate the residual friction angle based on 
the mineralogical composition of the soil mass. They devised 
a triangular correlation chart, depicted in Fig. 43, which 
serves as a useful tool for estimating the residual friction 
angle by considering the specific clay minerals present in 
the soil. Tiwari and Marui (2003) noted that the effect of 
kaolin on the residual friction angle was significant when less 
than 10% kaolin was present beyond which the effect was 
negligible. They further concluded that for soils with more 
than 50% sand and 30% bentonite, the residual friction angle 
was nearly constant at 3.7° regardless of the amount of kaolin 
present in the soil mass. 

The correlations illustrated in Figs. 44 and 45 were 
introduced by Tiwari and Marui (2003). They enable the 
estimation of the residual friction angle using the liquid 
limit and plasticity index, respectively. These correlations 
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take into account the mineralogical composition of the soil 
mass highlighting the significance of clay mineralogy in 
determining the residual friction angle. Figures 44 and 45 
demonstrated that the residual friction angle of soils with 
kaolin was greater than that of soils containing bentonite, 
even though both samples had the same liquid limit or plas- 
ticity index. However, when the liquid limit or plasticity 
index was greater than 200, the residual friction angle was 
at a minimum value of 3.7°. 

In their research, Tiwari and Marui (2005) critically 
assessed the correlation proposed by Stark and Eid (1994) 
for estimating the residual friction angle. They discovered 
that this correlation, which relied on parameters such as clay 
fraction, liquid limit, and effective normal stress, had a ten- 
dency to significantly overestimate the residual friction angle, 
sometimes by up to five times. Moreover, Tiwari and Marui 
(2005) emphasized that the Stark and Eid (1994) correlation 
was limited in its applicability, being valid only for certain 
mineral types and failing to provide accurate estimates for a 
broader range of soils. 

Tiwari and Marui (2005) introduced Fig. 46, which 
contains a correlation between the residual friction angle 
and both the clay fraction and mineralogical composition of 
the soil mass. The figure revealed significant variations in the 
residual friction angle, exceeding 20° in some cases, 
depending on the clay mineralogy at the same clay content. 
This further supports their observations of the correlations 
presented by Stark and Eid (1994), as previously 
summarized. 

Figure 47 contains the correlation presented by Tiwari and 
Marui (2005) to estimate the residual friction angle based the 
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Fig. 44 Proposed correlation by 
Tiwari and Marui (2003) for the 
residual friction angle as a 
function of the liquid limit and 
clay mineralogy 


residual $ (degree) 


liquid limit. They noted that the correlations presented by 
Stark and Eid (1994) tended to overestimate the residual 
friction angle for soils with liquid limits greater than 200. 
However, the relationship in Fig. 47 could reasonably esti- 
mate the residual shear strength for all of the natural samples 
they tested along with over 70% of the results for the natural 
samples available in the literature. A relationship to estimate 
the residual friction angle from the plasticity index, as pro- 
posed by Tiwari and Marui (2005), is depicted in Fig. 48. As 
with the correlation in Fig. 47, the relationship in Fig. 48 was 
able to estimate the residual shear strength of natural samples 
with good accuracy. In particular, Fig. 48 shows that the 


Fig. 45 Proposed correlation by 
Tiwari and Marui (2003) for the 
residual friction angle as a 
function of the plasticity index 
and clay mineralogy 
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majority of the results from the natural samples were located 
at the lower bound of the correlation curves developed by 
Tiwari and Marui (2005). 

Tiwari and Marui (2005) also prepared a triangular corre- 
lation chart, as shown in Fig. 49a, with contours providing a 
method to estimate the residual friction angle by considering 
the clay mineralogy in the soil mass. They divided the trian- 
gular correlation chart into seven zones (Fig. 49b) that could 
capture the variation in the residual friction angle with respect 
to the amount of the various clay minerals (Fig. 49c). The 
majority of the natural samples they tested were found to fall 
into zones A and B. 
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Fig. 46 Correlation proposed by 35 
Tiwari and Marui (2005) to 
estimate for the residual friction 30 
angle as a function of the clay 
content and mineralogy (with 25 
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6.3 Undrained Shear Strengths 


of Over-Consolidated Clays 


The Stress History and Normalized Soil Engineering 
Properties (SHANSEP) method, introduced by Ladd and 
Foott (1974) and further developed by Ladd et al. (1977), 
provides a means to assess the impact of the over- 
consolidation ratio on the undrained shear strength in soils. 
The undrained shear strength is estimated using the 
undrained strength ratio, which is defined as the ratio of the 
undrained shear strength to the effective vertical stress. This 
method takes into account the influence of the over- 
consolidation ratio. By analyzing the relationship between 
the undrained strength ratio and the over-consolidation ratio, 
SHANSEP allows for the estimation of undrained shear 
strength under different stress conditions. 

Ajmera et al. (2016) extended the SHANSEP method by 
computing the normalized undrained strength ratio. This was 
calculated by normalizing the undrained strength ratio at a 
given over-consolidation ratio to the undrained strength ratio 
at an over-consolidation ratio of unity (or that for a normally 
consolidated soil). By doing so, Ajmera et al. (2018) 


Fig. 47 Correlation proposed by 
Tiwari and Marui (2005) to 
estimate for the residual friction 
angle as a function of the liquid 
limit and mineralogy (with 
permission from ASCE) 
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presented two relationships between the normalized 


undrained strength ratio and the over-consolidation ratio for 
fine-grained soils. These relationships are shown in Fig. 50. 
At a constant over-consolidation ratio, the normalized 
undrained strength ratio for the mixtures of montmorillonite 
with quartz is higher than that of mixtures of kaolinite with 
quartz. 

In Eqs. (2) and (3), the shear strength parameters of a soil 
mass are significantly influenced by its stress history. When 
dealing with normally consolidated clays, the cohesion inter- 
cept is typically assumed to be zero. In contrast, over- 
consolidated clays typically exhibit a non-zero cohesion 
intercept. In such soils, the magnitude of the cohesion inter- 
cept generally increases with an increase in the over- 
consolidation ratio. The friction angle also varies between 
normally consolidated and over-consolidated specimens of 
the same soil. Hvorslev (1960) emphasized that the cohesion 
intercept and the friction angle in Eqs. (2) and (3) are not 
indicative of the actual soil properties but rather act as math- 
ematical tools for determining shear strength. According to 
Hvorslev (1960), the shear strength of clays is influenced by 
two fundamental parameters: the true friction angle (e) and 
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Fig. 48 Correlation proposed by 35 
Tiwari and Marui (2005) to 
estimate for the residual friction 
angle as a function of the plasticity 
index and mineralogy (with 


permission from ASCE) 
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the base friction angle (@,). These parameters remain 
unchanged regardless of the over-consolidation ratio. 

With knowledge of the equivalent pre-consolidation pres- 
sure (Ope), the shear strength of the soil can be determined 
using Eq. 23. In the case of normally consolidated soils, the 
equivalent pre-consolidation pressure will be equivalent to 
the effective vertical stress. However, for over-consolidated 
soils, the equivalent pre-consolidation pressure corresponds 
to the effective vertical stress that would result in the same 
void ratio if the soil were normally consolidated. 


T= Ope tang, + o' tang, (23) 

Tiwari et al. (2022) presented the correlations in Figs. 51 
and 52 to estimate the true and base friction angles, respec- 
tively, from the plasticity index. They pointed out that the 
true friction angle did not heavily dependent on the mineral- 
ogical composition of the soil mass. Furthermore, Tiwari 
et al. (2022) found that the true friction angle was nearly 
constant at 10° in soils with plasticity indices greater than 80. 
On the other hand, the base friction angle was heavily depen- 
dent on the clay minerals present, as illustrated in Fig. 52. An 
increase in the plasticity index is found to cause an increase in 
the base friction angle in the mixtures of kaolinite with 
quartz, while it was constant at 2° in the mixtures of mont- 
morillonite with quartz. 


6.4 Cyclic Shear Strength 

The power function was found to be a good representative of 
the cyclic strength curves of soils by Ishihara et al. (1980) and 
Ajmera et al. (2017). In particular, Eq. 24, establishes a 
relationship between the CSR and the number of cycles 
(N) required to achieve a specific failure criteria using two 
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curve fitting parameters a and b. These parameters play a 
crucial role in defining the shape and position of the cyclic 
strength curves. Specifically, the curve fitting parameter a 
primarily influences the vertical position of the cyclic 
strength curve, while the parameter b controls the slope or 
inclination of the curve. 


CSR=aN~? (24) 

Ajmera et al. (2017) presented correlations that allowed 
for the curve fitting parameters a and b to be estimated with 
knowledge of the liquid limit or plasticity index. These 
correlations are depicted in Figs. 53, 54, 55, and 56. Their 
results indicated that an increase in liquid limit generally 
leads to an increase in the value of a, indicating an increase 
in cyclic resistance for soils with liquid limits below 
100 (Fig. 53). However, for soils with liquid limits above 
100, the value of a decreases, implying a decrease in cyclic 
resistance. Similarly, Fig. 54 shows that as the plasticity 
index increases, the value of a generally increases for soils 
plasticity indices below 60 beyond which the value of a 
decreases with increasing plasticity index. Ajmera et al. 
(2017) attributed the increase in cyclic resistance to the 
formation of a clay matrix around quartz particles. It should 
be noted that these results are based on normally consolidated 
samples and thus, the observed trends may vary in over- 
consolidated soils. 

From Figs. 55 and 56, Ajmera et al. (2017) clearly dem- 
onstrate the contrasting behavior of cyclic resistance between 
two different clay minerals used in the mixtures they tested. 
For soils containing kaolinite, b increases with both liquid 
limit and plasticity index, indicating a steeper cyclic strength 
curve as the plasticity index rises. In contrast, for soils with 
montmorillonite, b decreases with increasing liquid limit and 
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Fig. 49 (a) Triangular correlation chart for residual friction angle by Tiwari and Marui (2005), (b) zones used to illustrate effects of clay minerals 
and (c) effects of single clay mineral in each zone (with permission from ASCE) 


plasticity index, suggesting flatter cyclic strength curves with dependent on the degree to which excess pore pressures 
higher plasticity indices. generated from the first cyclic load are allowed to dissipate 

When two sets of cyclic loads are applied on a sample, the before the second cyclic load is applied. Ajmera et al. (2021) 
cyclic resistance available during the second cyclic event is presented relationships containing the cyclic strength curves 
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for a second cyclic load for kaolinite samples. Figure 57 6.5 Post-Cyclic Undrained Shear Strength 

illustrates that an increase in the degree of pore pressure 

dissipation results in an increase in the cyclic resistance, as Ajmera et al. (2019) provided a number of correlations to 

depicted by an upward shift in the cyclic strength curves. estimate the undrained shear strength after cyclic loading, 
defined as the post-cyclic undrained shear strength. However, 


Fig. 51 Correlation from Tiwari 30 
et al. (2022) for the true friction 
angle with respect to the plasticity 
index (with permission from 
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Fig. 52 Correlation from Tiwari 
et al. (2022) for the base friction 
angle with respect to the plasticity 
index (with permission from 
ASCE) 
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in their correlations, this shear strength was typically 
normalized by the effective vertical stress prior to cyclic 
loading to obtain the post-cyclic undrained strength ratio. 
One of the correlations Ajmera et al. (2019) developed 
between the post-cyclic undrained strength ratio and the 
plasticity index is shown in Fig. 58. This figure shows that 
for soils with plasticity indices less than 50, an increase in the 
post-cyclic undrained strength ratio occurred with an increase 
in the plasticity index. On the other hand, when the soils had 
a plasticity index greater than 50, the post-cyclic undrained 
strength ratio decreased with an increase in the plasticity 
index. 

Figure 59 contains the correlation that Ajmera et al. (2019) 
proposed between the post-cyclic undrained strength ratio 
and the pore pressure ratio. The pore pressure ratio is 
computed as the ratio of the excess pore pressure generated 
during cyclic loading to the effective normal stress 


Fig. 53 Correlation proposed by 
Ajmera et al. (2017) to estimate 
curve fitting parameter a as a 
function of the liquid limit 


Power Function Parameter a for 5% 
Double Amplitude Shear Strain 


B. Tiwari and B. Ajmera 


20 40 60 80 100 120 140 160 180 
Plasticity Index 


immediately prior to the application of the cyclic load. Like 
Fig. 58, there is a substantial scatter around the correlation 
proposed. However, Ajmera et al. (2019) highlighted that this 
relationship indicates that an increase in the pore pressure 
ratio would correspond to a reduction in the post-cyclic 
undrained strength ratio. 

A correlation between the degradation ratio and the plas- 
ticity index was also provided by Ajmera et al. (2019). The 
degradation ratio is ratio of the post-cyclic undrained shear 
strength to the static undrained shear strength. It serves as a 
measure of the amount of reduction in the undrained shear 
strength that resulted from the cyclic loading. The correlation 
developed by Ajmera et al. (2019) is provided in Fig. 60. In 
soils containing kaolinite as the clay mineral, Fig. 60 
indicates that the degradation ratio rises as the plasticity 
index (PI) increases. However, the impact of the cyclic stress 
ratio on the degradation ratio was found to be negligible. 
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Fig. 54 Correlation proposed by 0.5 
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Conversely, in soils where montmorillonite is the clay min- 
eral, the degradation ratio is influenced by the cyclic stress 
ratio. As the cyclic stress ratio increases, there is a 
corresponding decrease in the degradation ratio. 

Ajmera et al. (2019) calculated the normalized undrained 
strength ratio and the post-cyclic effective stress ratio for the 
samples they tested. The normalized undrained strength ratio 
is an extension of the parameter first proposed by Ajmera 
et al. (2016). In Ajmera et al. (2019), the normalized 
undrained strength ratio (Norm. USR) was obtained when 
the post-cyclic undrained strength ratio was normalized by 
the undrained strength ratio. In other words, the normalized 
undrained strength ratio is calculated using Eq. 25. In this 
equation, s, is the undrained shear strength, o” is the effective 
normal stress, and the addition of the subscript “pc” indicates 
the values correspond to the post-cyclic conditions (that is, 
the conditions immediately following the application of a 
cyclic load). The post-cyclic effective stress ratio (PC-ESR) 
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is ratio of the consolidation pressure (or effective stress prior 
to the application of a cyclic load) to the post-cyclic effective 
stress, as shown in Eq. 26. It can also be computed with 
knowledge of the pore pressure ratio (r,) or the ratio of the 
excess pore pressure generated during cyclic loading to the 
consolidation pressure. The formula to do so is also provided 
in Eq. 26. 


Supe/ One 
Normalized USR = a (25) 
/ 
PC —ESR= “ = -= (26) 
pe u 


Ajmera et al. (2019) proposed the correlation, as presented 
in Fig. 61, between the normalized undrained strength ratio 
and the post-cyclic effective stress ratio. Figure 61 illustrates 
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Fig. 56 Correlation proposed by 0.20 
Ajmera et al. (2017) to estimate 
curve fitting parameter b as a 


function of the plasticity index 
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an intriguing trend: as the post-cyclic effective stress ratio 
increases, the normalized undrained strength ratio also 
exhibits a corresponding increase. At a post-cyclic effective 
stress ratio value of one, the normalized undrained strength 
remains at one, indicating no reduction in shear strength. 
However, as the post-cyclic effective stress ratio rises, 
reaching around 20, the normalized undrained strength 
climbs to approximately 10. 

The correlation in Fig. 61 was shown to be capable of 
capturing the post-cyclic undrained shear strength of soils 
subjected to two sets of cyclic loads in Ajmera et al. (2021). 
This is illustrated in Fig. 62, in which the post-cyclic effective 
stress ratio was calculated immediately after the end of the 
second cyclic load. Thus, the relationship, originally devel- 
oped by Ajmera et al. (2019), is able to capture the effects of 
excess pore pressure dissipation between cyclic loads and 
any additional reductions in undrained shear strength induced 
by the second cyclic load. 
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6.6 Various Other Correlations 

Only Stark et al. (2005) and Tiwari and Ajmera (2011) 
explored the relationships between the fully softened and 
residual friction angles. However, the correlations presented 
by Stark et al. (2005) contain significant scatter and hence, 
will not be discussed. Tiwari and Ajmera (2011) primarily 
focused on investigating the fully softened shear strength of 
soils but also provided insights into the relationship between 
the residual and fully softened friction angles. The residual 
friction angles used in their analysis were derived from the 
work of Tiwari and Marui (2005). In their findings, presented 
in Figs. 63 and 64, the authors proposed new relationships 
that describe the difference between fully softened and resid- 
ual friction angles based on the liquid limit and plasticity 
index, respectively. Tiwari and Ajmera (2011) further 
introduced normalized relationships for the difference 
between fully softened and residual friction angles, 
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Fig. 58 Correlation to estimate 045 
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individually normalized by the respective angles. Figures 65, 
66, 67, and 68 depict these relationships with respect to the 
liquid limit and plasticity indices of the soil samples. 


7 Example of Shear Strength Estimation 
with Correlation Methods 


In this section, we will demonstrate a few examples on how 
to estimate shear strength parameters of two soil samples 
collected from different locations and having different soil 
mineralogical dominations as illustrated by their activity 
values. 


Soil A 

Liquid limit = 60, Plasticity index = 20, Clay Frac- 
tion = 22%, Effective vertical stress at sampling loca- 
tion = 100 kPa, Initial void ratio (eo) = 0.88, Over- 
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Fig. 59 Correlation between 
post-cyclic undrained strength 
ratio and the pore pressure ratio 
from Ajmera et al. (2019) (with 
permission from ASCE) 
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consolidation ratio = 8, Compression index (Cc) = 0.28, 
and Recompression index (Cr) = 0.05. 

Soil B 

Liquid limit = 80, Plasticity index = 40, Clay Frac- 
tion = 13.0%, Effective vertical stress at the sampling 
location = 100 kPa, Initial void ratio = 1.30, Over- 
consolidation ratio = 2, Compression index = 0.43, and 
Recompression index = 0.08. 


After an earthquake, excess pore pressures are generated 
in both of those soils. The pore pressure ratios immediately 
after the earthquake event are estimated to be equal to 0.59 
for Soil A and 0.18 for Soil B. If this information is not 
available, the pore excess pore pressure generated from an 
earthquake (Au) can be calculated using Eq. 27 from Davis 
and Berrill (1982). In this equation, R is the distance from the 
earthquake epicenter to the location of the soil element 
expressed in meters, N; is the blow counts from a standard 
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Fig. 60 Correlation between 
degradation ratio and plasticity 
index developed by Ajmera et al. 
(2019) (with permission from 
ASCE) 
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penetration test corrected to an overburden pressure of 1 tsf 
(96 kPa), and M is the magnitude of the earthquake. Both Au 
and o,” should be expressed in kPa in Eq. 27. 

During a standard penetration test, a split-spoon sampler is 
driven into the ground using a standard number of blows with 
a hammer. The resistance offered by the soil to the penetra- 
tion of the sampler is recorded as the N-value (N). However, 
the N-value obtained is influenced by the overburden pres- 
sure or stress applied to the soil at the specific test depth. To 
account for this influence and allow for better comparisons 
between different depths and locations, the N-value is com- 
monly corrected to a standard reference pressure of 1 tsf 
(96 kPa) using Eq. 28, in which o,’ should be in kPa. 
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If the soil samples have activity (Eq. 29) values higher than 
2-3, they are expansive soils and are montmorillonitic in 
nature. If the soil samples have activities less than 0.8—1.0, 
they are considered as kaolinitic or illitic soils. 
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Fig. 62 Use of the correlation 10 
from Ajmera et al. (2019) to 

estimate the normalized undrained 

strength ratio from the post-cyclic 

effective stress ratio 
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Activity of soil = (Plasticity Index/Clay Fraction) (29) 
For Soil A, Activity = (20/22) = 0.91 [Kaolinitic] 
For soil B, Activity = (40/13) = 3.1 [Montmorillinitic] 


Fully Softened Shear Strength 
From Fig. 36, the fully softened friction angle is calculated as 
follows: 


Soil A: 24° 
Soil B: 16° 


From Fig. 37, the fully softened friction angle is calculated 
as follows: 
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and residual friction angles as a 
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Residual Shear Strength 
From the central line in Fig. 47, the residual friction angle is 
calculated as follows: 


Soil A: 20° 
Soil B: 14° 


From the central line in Fig. 48, the fully softened friction 
angle can be calculated as follows: 
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Fig. 64 Correlation from Tiwari 
and Ajmera (2011) between the 
differences in the fully softened 
and residual friction angles as a 
function of the plasticity index 
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Let’s consider the average friction angles obtained from 
two methods. 
Soil A: Fully Softened Friction Angle: 23.5° 

Residual Friction Angle: 20° 
Soil B: Fully Softened Friction Angle: 16° 

Residual Friction Angle: 14° 


Soil A: 

Fully Softened shear strength: 100 tan 23.5° = 43.5 kPa. 

Residual shear strength: 100 tan 20° = 36.4 kPa. 

Soil B: 

Fully Softened shear strength: 100 tan 16° = 28.7 kPa. 

Residual shear strength: 100 tan 14° = 24.9 kPa. 

Using the true and base friction angle, the fully softened 
shear strengths for these two soils could be estimated from 
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the correlations presented by Tiwari et al. (2022) in Figs. 51 
and 52. To obtain the fully softened shear strength, the 
equivalent pre-consolidation pressure will be equal to the 
effective vertical stress. Thus, 

Soil A: ġe = 19° and ġe = 7° 


T= Ope tang, +o’ tang, 
t= 100 tan 7 + 400 tan 19 = 44.7 kPa 
Soil B: ġe = 15° and @, = 2° 
t= 100 tan2 + 100 tan 15 = 30.2 kPa 


Values obtained from both methods are very close. 
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Fig. 68 Correlation from Tiwari 
and Ajmera (2011) between the 
differences in the fully softened 
and residual friction angles 
normalized by the residual friction 
angle as a function of the plasticity 
index 


(Ors), 


As estimated before, pe = 19° and ġe = 7°. Thus, the peak 
shear strength is: 


t = 552.6 tan 7 + 100 tan 19 = 102.3 kPa. 


Soil B : ø’, = 2(100) = 200 kPa 


200 
ep = 1.30 — 0.08 log (=) =1.28 
0.43 13-128 

log (æ) 
One = 63.3 kPa. 


As calculated above, e = 15° and @, = 2°. Thus, the peak 
shear strength will be equal to: 


t = 63.3 tan 2 + 100 tan 15 = 29.0 kPa 


From Fig. 50, the normalized undrained strength ratio 
from a central line can be found to be: 


Soil A: 2.7 
Soil B: 1.1 


Using Fig. 58, the static undrained strength ratios for the 
normally consolidated consolidations will be: 


Soil A: 0.37 
Soil B: 0.33 


Thus, the peak shear strength can be calculated as: 
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Soil A : USRocr=3 = Norm.USR x P] 


USRocr=8 = 2.7(0.37) = 1.00 
t= 1.00(100) = 100 kPa 
Soil B : USRocr=2 = 1.1(0.33) = 0.36 
t =0.33(100) = 33 kPa 
Both methods yield similar peak shear strengths. 


Cyclic Strength Curves and Post-Cyclic Undrained Shear 
Strength 

The relationship in Fig. 54 would indicate that Soil A has a 
power function parameter a of 0.28, while that for Soil B is 
0.38. Using the correlation in Fig. 56, the power function 
parameter b can be found to be 0.087 and 0.085 for Soils A 
and B, respectively. Thus, the cyclic strength curves 
corresponding to 5% double amplitude shear strain can be 
drawn using Eq. 24. Specifically, the power functions are 
going to be: 


Soil A: CSR =0.28N5 0.087 
Soil B: CSR =0.38N; ®-085 


The corresponding cyclic strength curves obtained when 
these equations are plotted are shown in Fig. 69. 

The following process can be used to determine the post- 
cyclic effective stress ratio. 

Using Eq. 26, the post-cyclic effective stress ratios 
would be: 
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Fig. 69 Cyclic strength curves 1 
for hypothetical Soils A and B 
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Thus, from the correlation presented in Fig. 61, 


Soil A: Norm. USR = (PC — ESR)°”*? 
Norm. USR = 2.42°7°? = 1.94 
Soil B:Norm. USR = 1.17973 = 1.17 


If the undrained strength ratio of both of these two soils prior 
to the cyclic loads were 0.36, then the post-cyclic undrained 
strength ratio would be equal to: 


Soil A: 4 = Norm.USR x USR 
“we — 1,94 x 0.36 =0.70 
Soil B: 4 = 1.17 x 0.36 = 0.42 


Now, Ope =0' —u=0'(1—r,„). Thus, the effective vertical 
stress immediately following the application of the cyclic 
loading is: 


Soil A: Ope = 400(1 — 0.59) = 164 kPa 
Soil B: Ope =50(1 — 0.18) =41 kPa 


Using this, the post-cyclic undrained shear strength can be 
calculated as: 


Soil A: s 
Soil B: s 


= 0.70(164) = 114.8 kPa 
= 0.42(41) = 17.22 kPa. 


u, pc 


u, pc 


These results indicate that there was a degradation in the 
undrained shear strength since the static undrained shear 
strengths were: 


10 100 


1000 
Number of Cycles to 5% Double Amplitude Shear Strain 


Soil A: s„ = 0.36(400) = 144 kPa 
Soil B: s,, = 0.36(50) = 18 kPa. 


The degradations ratios associated with these two soils are: 


A. S Supe _ 1148 _ 
Soil A: ô= alan Has =0.80 


Soil B: 5= 42 =0.96 


Degradation ratios indicate that Soil A experienced a 20% 
reduction in shear strength as a result of the cyclic loading. 
On the other hand, the cyclic loading only caused a 4% 
reduction in the shear strength in Soil B. 

Using the relationship in Fig. 60, the degradation ratios 
would be: 


Soil A: 0.84 
Soil B: 0.94 


These values are similar to those obtained above using the 
other method. 


8 Summary and Recommendations 


Landslides pose catastrophic consequences, resulting in loss 
of life, property damage, and disruption of communities. 
Natural factors like heavy rainfall, snowmelt, and groundwa- 
ter fluctuations induce water saturation, triggering landslides. 
Earthquakes heighten landslide risks through shaking, lique- 
faction, and the formation of landslide dams that can lead to 
flooding. Volcanic activity also contributes to devastating 
landslides, such as volcanic debris flows and structural 
collapses. Furthermore, human activities like altering drain- 
age patterns, destabilizing slopes, and removing vegetation 
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exacerbate landslide occurrences. The effects of landslides 
are also exacerbated in various regions. For example, moun- 
tainous regions face higher mortality risks, while countries 
with limited resources experience greater economic losses. 
Furthermore, these natural disasters have far-reaching envi- 
ronmental and societal impacts, including landscape alter- 
ation, vegetation destruction, ecosystem disruption, and 
water pollution from sediment and debris. Landslides dis- 
place residents, jeopardize livelihoods, and instigate social 
and economic instability. Infrastructure damage impedes 
transportation, communication, and access to vital services. 
Understanding landslides is pivotal for implementing proac- 
tive measures that mitigate risks and enhance resilience, 
safeguarding the well-being of communities. 

The shear strength of soils is a crucial factor in analyzing 
slope stability and implementing measures to mitigate risks. 
Shear strength refers to the internal resistance of soil to 
shearing forces, which is influenced by factors such as fric- 
tion between soil particles, interlocking of grains, electro- 
magnetic attraction, over-consolidation effects, density, 
overburden pressure, grain shape, roughness, and stress his- 
tory. During shearing, soils exhibit different behaviors, 
including elastic behavior, peak shear strength, post-peak 
strength loss, and fully softened shear strength. The fully 
softened shear strength occurs when changes in water content 
cause a reduction in shear strength as the soil approaches its 
critical state. Continued shearing can lead to particle reorien- 
tation and the formation of polished slickenslide surfaces, 
resulting in the residual shear strength. The shear strength 
of soil is typically represented using the Mohr-Coulomb 
failure criteria. 

In addition to shear strength parameters under static 
conditions, the resistance of soil to cyclic loads is essential 
for slope stability analysis is seismic regions. Cyclic strength 
curves, representing the number of cycles to failure against 
cyclic stress ratio, provide information on the ability of a soil 
mass to withstand cyclic loading. Furthermore, knowledge of 
the post-cyclic undrained shear strength is also necessary to 
evaluate slope stability after cyclic loading. Different soil 
properties are required for stability analysis depending on 
conditions, including end-of-construction, multistage load- 
ing, and long-term analysis, as well as for free-draining and 
impermeable materials. The recommended parameters of 
each of these conditions and types of soils were summarized 
in this paper. 

Direct shear tests are commonly used to measure the shear 
strengths of soils under drained conditions. These tests are 
widely available, easy to run and interpret, and relatively 
quick. However, the shear strength is always measured on 
the horizontal shearing plane, which may not be the weakest 
plane and can result in an overestimate of the shear strength. 
Direct shear tests can measure the peak, fully softened, and 
residual shear strengths of soil. ASTM D3080/D3080M 
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provides details and specifications for conducting direct 
shear tests. 

Triaxial tests are another commonly used method for 
measuring shear strength. These tests can measure both 
peak and fully softened shear strengths using consolidated 
drained (CD) and consolidated undrained (CU) triaxial tests. 
CD testing of low permeability clays may be time-consuming 
due to back pressure saturation requirements. ASTM D7181 
provides specifications for CD triaxial tests, while ASTM 
D4767 outlines procedures for CU triaxial tests. 

Ring shear tests have emerged as the preferred method for 
quantifying residual shear strength. These tests allow contin- 
uous shearing of samples in a single direction while 
maintaining a consistent cross-sectional area, closely 
replicating residual conditions. The non-uniform stress dis- 
tribution across annular samples used in ring shear tests can 
pose challenges. Different variations of the ring shear device 
have been developed, each with its own advantages and 
disadvantages. ASTM D6467 provides detailed procedures 
for conducting ring shear tests to measure the residual shear 
strength of cohesive soils. 

Direct simple shear tests offer advantages compared to 
direct shear and triaxial tests. They allow the sample to fail 
along its weakest plane while the cross-sectional area remains 
constant throughout the shearing process. These tests require 
smaller soil samples and shorter consolidation times. How- 
ever, the commercial availability of direct simple shear 
devices is currently limited. ASTM D6528 provides 
guidelines for conducting direct simple shear tests. 

A number of correlations for the fully softened shear 
strength are available in the literature. The key ones were 
summarized in this paper. These correlations provided 
insights into the impact of clay mineralogy. In particular, it 
was seen that significant differences in the fully softened 
friction angles between different clay mineral mixtures 
existed, even at a constant clay content. Furthermore, the 
correlations between the fully softened friction angle and 
the plasticity index or the liquid limit should be utilized in 
practice. If mineralogical compositions are not available, soil 
activity information should be used to identify whether the 
soil is montmorillinitic or kaolinitic (or illitic) from a miner- 
alogical point of view. 

The impact of pore fluid chemistry on fully softened shear 
strength was also presented in this paper. Correlations devel- 
oped for soils with different pore fluids make it possible to 
estimate the fully softened friction angle in terms of the 
plasticity index or the liquid limit. Additionally, variations 
in the fully softened friction angle observed in soils with 
different pore fluid chemistries could be attributed to the 
impacts of these pore fluids on the plasticity characteristics 
of the soil mass. 

Tiwari and Marui (2003) conducted a comprehensive 
study on the influence of clay mineralogy on residual friction 
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angles. They found that the presence of kaolin had a signifi- 
cant effect on the residual friction angle, particularly when 
kaolin content was less than 10%. However, for soils with 
high sand and bentonite content, the residual friction angle 
remained nearly constant regardless of kaolin content. 

The correlations based on liquid limit and plasticity index 
developed by Tiwari and Marui (2005) take into account the 
mineralogical composition of the soil mass. They showed 
that the residual friction angle of soils with kaolin was higher 
than that of soils containing bentonite, even with similar 
liquid limits or plasticity indices. They also noted that for 
soils with liquid limits or plasticity indices exceeding 
200, the residual friction angle reached a minimum value of 
3.7°. 

The SHANSEP method allows for the estimation of 
undrained shear strength considering the over-consolidation 
ratio. This method was extended by Ajmera et al. (2018) with 
the introduction of the normalized undrained strength ratio. 
They revealed that mixtures of montmorillonite with quartz 
have higher ratios than mixtures of kaolinite with quartz. 

The shear strength parameters in the Mohr-Coulomb fail- 
ure criteria are influenced by stress history, with over- 
consolidated clays showing a non-zero cohesion intercept 
and varying friction angles. Tiwari et al. (2022) provided 
correlations to estimate the true and base friction angles 
from the plasticity index, finding that the true friction angle 
remained constant at 10° for soils with high plasticity indices, 
while the base friction angle varied with clay mineral compo- 
sition. In the mixtures of montmorillonite-quartz, the base 
friction angle could be taken to be constant at a value of 2°. 

Correlations presented by Ajmera et al. (2017) allow for 
the estimation of the curve fitting parameters a and b based on 
liquid limit or plasticity index to calculate the cyclic resis- 
tance of a soil mass. Increasing liquid limit generally 
increases the value of a for soils with liquid limits below 
100 indicating higher cyclic resistance. However, for liquid 
limits above 100, a decreases. The behavior of parameter b 
varies with clay mineral type. For kaolinite, b increases with 
liquid limit and plasticity index, while for montmorillonite, b 
decreases. Dissipation of excess pore pressure between cyclic 
loads influences cyclic resistance, with increased dissipation 
leading to higher cyclic resistance. 

Ajmera et al. (2019) provided correlations to estimate the 
post-cyclic undrained shear strength and introduced the 
normalized undrained strength ratio. The normalized 
undrained strength ratio is calculated by normalizing the 
post-cyclic undrained strength ratio by the undrained strength 
ratio. As the post-cyclic effective stress ratio increases, the 
normalized undrained strength ratio also increases. This cor- 
relation was found to capture the post-cyclic undrained shear 
strength after two sets of cyclic loads and thus, could consider 
the dissipation of excess pore pressure and the effects of the 
second cyclic load. 
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Abstract 


China is a country with high mountainous areas widely 
distributed, which is characterized by high reliefs, inten- 
sive tectonic activity, fragile ecological environments, etc. 
Under such particular background, rock avalanches, as 
one of the most threatening geological disasters in the 
high mountainous regions, have drawn much scientific 
interest because of their sudden occurrence, huge volumes 
(>10° m°), high velocities (>20 m/s), and extremely low 
Fahrböschung (typically 0.1 to 0.3) with destructive 
disasters caused. Focusing on the Tibetan Plateau of 
China, spatial distribution of rock avalanches in its certain 
area was conducted, hoping to provide insights into the 
controlling factors of rock avalanches’ formation. Further- 
more, several typical rock avalanches were investigated in 
detail based on remote sensing analysis, mapping of fixed 
wing unmanned aerial vehicle and detailed field 
investigations. It is reached that toreva blocks, transverse 
and longitudinal ridges, ridges separated by conjugate 
troughs, and hummocks are common and widely 
distributed surficial landforms in rock avalanche deposits, 
which usually display in a clear sequential distribution. In 
the cross-section, a series of internal sedimentary 
structures, including jigsaw structures, inner shear zones, 
diapiric structures, convoluted laminations, faults, etc., 
were identified. Based on these detailed geological 
features, the possible emplacement processes and 
mechanisms are discussed to provide insights into the 
extremely high mobility of rock avalanches. 
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1 Introduction 


In the past 20 years, the occurrence of rock avalanches has 
significantly increased due to the effects of climate warming, 
frequent seismic activities, glacier retreat, and increasing 
human activities in mountainous areas, which has attracted 
increasing scientific attention due to their ability to produce 
catastrophic effects (Dunning et al. 2007; Catane et al. 2008; 
Sun et al. 2011; Huang et al. 2012; Barth 2014; Fan et al. 
2017; Strom and Abdrakhmatov 2018; Zhu et al. 2019; Friele 
et al. 2020). Controlled by their large volumes (>1 x 10° m°), 
extremely high velocities (>20 m/s) and long runouts 
(>1 km), such geological events often affect human activities 
and property suddenly without warning, and can cause 
disasters (Legros 2002; Evans et al. 2007; Hewitt et al. 
2008; Guthrie et al. 2012; Pudasaini and Miller 2013; 
Delaney and Evans 2014; Lucas et al. 2014; Ostermann and 
Sanders 2017; Zhang et al. 2020). A typical example of such 
disaster is the Nevados Huascaran ice-rock avalanche, which 
occurred in the Peruvian Andes on 31 May 1970. The 
detached masses fragmented greatly in propagation and 
transformed into a debris avalanche with a volume and aver- 
age velocity of up to 108 m? and 77.8 m/s, respectively, 
which buried the whole Yungay city in the downstream and 
killed over 18,000 people (Plafker and Ericksen 1978). 
Another typical example is the Chamoli ice-rock avalanche 
occurred in 7 February 2021 in India. The area where the 
Chamoli ice-rock avalanche occurred is situated in the Hima- 
layan orogeny of the Tibetan Plateau. In this case, 
~23 x 10° m? of the detached ice and rock travelled down- 
stream rapidly along the Rontigad valley and fragmented 
intensively. When it arrived at the Rishi Ganga valley, it 
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formed a short-lived landslide dam 46 m thick and 800 m 
long. After then, the dam failed with a flood disaster chain 
formed, causing the damages of two hydropower stations and 
influencing many people, with the economic losses being 
over 15 billion rupees (Kropáček et al. 2021). 

To illustrate the hypermobility of rock avalanches, some 
hypotheses have been proposed, such as air cushion (Shreve 
1968), frictional-thermal related mechanisms (Habib 1975; 
He et al. 2015; Wang et al. 2017; Hu et al. 2019), acoustic 
fluidization (Melosh 1978; Johnson et al. 2016), entrainment 
(Hungr and Evans 2004; Iverson and Ouyang 2015; Aaron 
and Mcdougall 2019), dynamic fragmentation (Davies and 
McSaveney 2009), and self-excited vibration (Wang et al. 
2015). Moreover, important research efforts focusing on field 
investigations (Weidinger et al. 2014; Iverson et al. 2015; 
Dufresne et al. 2016; Wang et al. 2018; Dufresne and 
Geertsema 2020; Shi et al. 2023), laboratory experiments 
(Iverson et al. 2004; Shea and van Wyk de Vries 2008; 
Manzella and Labiouse 2013; Iverson 2015; Wang et al. 
2016; Pudasaini and Jaboyedoff 2020), and numerical 
simulations (Pudasaini and Hutter 2007; Cagnoli and 
Piersanti 2015; Mergili et al. 2018) have also been conducted 
to gain better understanding of the hypermobility of rock 
avalanches. However, due to the destructive capacity of 
rock avalanches, it is still hard to obtain effective geological 
evidences during the high speed movement of rock 
avalanches. The kinematics and dynamics of rock avalanches 
are still unclear and need further study. 

In China, the proportion of mountainous areas in the total 
area of the country is up to 69% with rock avalanches com- 
monly developed. It is reported that the number of rock 
avalanches occurred in 2001—2020 is up to 74 only in the 
western mountainous area with more than 4000 people being 
killed and the direct economic losses being up to tens of 
billions RMB. The west mountainous areas in China is one 
part of the Tibetan Plateau, which is the largest area with high 
mountainous morphologies developed with most rock 
avalanches occurred in this region. Therefore, considering 
the particularity of the geological environment of the Tibetan 
Plateau in China and the common distribution of rock 
avalanches, we focused on this area with a series of rock 
avalanches being studied in the past 10 years. Based on our 
previous works, the Himalayan Mountains of the Tibetan 
Plateau in China was firstly selected as a studied area with 
the spatial distribution of rock avalanches is presented. Then, 
several typical rock avalanches in the Tibetan Plateau of 
China were introduced in detail, hoping to provide enough 
field evidence that could be used in further analogue and 
numerical modeling of rock avalanches. 
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2 Geological Setting of the Studied Area 


The studied area is situated in the Tibetan Plateau. For the 
Tibetan Plateau, it is one the youngest and highest mountain- 
ous region in the world, which is featured by a wide variety of 
geologies, geomorphologies, and climates. For the evolution 
of the Tibetan Plateau, it is formed at ~55 Ma resulted by the 
intensive and ongoing plate collision of India with Eurasia. 
Under the control of its special geological background, it is a 
natural laboratory for the study of major geological disasters, 
such as huge rockslides, rock avalanches, ice-rock 
avalanches, and is attracting more and more scientific atten- 
tion. The data of global positioning system (GPS) indicates 
that convergence is still lasted in the Tibetan Plateau with 
numerous earthquakes being generated (Larson et al. 1999; 
Tapponnier et al. 2001; Zhang et al. 2004). In the past 
100 years, 36 events with Ms > 7 have been reported by 
Advanced National Seismic System (Fig. 1). 

As shown in Fig. 1, the Tibetan Plateau is characterized by 
diverse and complex patterns of active fault systems compris- 
ing predominate block bounding faults and internal faults, 
accommodating the continuous deformation of India-Eurasia 
collision (Yin and Harrison 2000; Tapponnier et al. 2001; 
Yin 2010). The southwestern margin of the study area is 
defined by the ~2400 km Himalaya frontal thrust, which 
lies along the south range front of the Himalayas. This fault 
accommodates the underthrusting of the Indian Plate beneath 
Tibet (Elliott et al. 2016; Whipple et al. 2016). The eastern 
margin of the Tibetan Plateau is marked by the 500 km, NE- 
SW-trending Longmen Shan thrust belt, which is dominated 
by thrust faults and thrust-related fold structures (Lin et al. 
2014). In the north, the active left-slip Altyn Tagh fault 
system extending over 2000 km links the strike-slip Haiyuan 
fault in the east and the NW-SE-trending Pamir thrust belt in 
the northwest, defining the northern boundary of the Tibetan 
Plateau (Yin 2010). In Plateau’s interior, a series of large 
thrust faults and strike-slip faults trend EW to NW-SE, 
demarcating the boundary between large basins and ranges 
(e.g., Kunlun fault, Altyn Tagh fault, Haiyuan fault, 
Xianshuihe fault, etc.). Furthermore, a set of normal fault 
system are well-developed in the southern Tibet, which are 
attributed to the ongoing movement of roughly EW extension 
(Yin 2000; Blisniuk et al. 2001). These fault systems remain 
active and are associated with the continuous thickening and 
widespread viscous flow of the crust and mantle of the entire 
Tibetan Plateau, and time-dependent, localized shear 
between coherent lithospheric blocks (Yin 2010). 
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Fig. 1 Geological map of the Tibetan Plateau with strong earthquakes being marked 


3 Distribution of Rock Avalanches 
in the Study Area 


Owing to the effects of intense tectonic activities and long- 
term weathering, intensely fractured bedrocks are widely 
distributed with high topographic reliefs developed, which 
are thought to be particularly favorable for the generation of 
catastrophic bedrock landslides. Many giant rock avalanches 
have been reported in this area and are increasingly attracting 
researchers’ attention (Yuan et al. 2013; Weidinger et al. 
2014; Reznichenko et al. 2017; Strom and Abdrakhmatov 
2018; Wang et al. 2018, 2019a, b, 2020). Focusing on the 
Tibetan Plateau area in China, study on the spatial distribu- 
tion of rock avalanches in the Himalayan Range is firstly 
conducted. Then, further studies on the characteristics of 
some typical rock avalanches were conducted based on our 
previous remote sensing and field investigations. 


3.1 Spatial Distribution of Rock Avalanches 


in the Himalayan Range, China 


The Himalayan Range is situated in the place where the 
Indian Plate and Eurasian Plate meet, which is characterized 
by high relief, intensive tectonic activity, intensive river 
erosion, strong glaciation, etc. (Whipple et al. 2016; 


Schwanghart et al. 2018; Soret et al. 2021). As the south 
margin of the Tibetan Plateau, the Himalayan Range is 
distributed in several countries with some distributed in 
China. Under the control of the special geological environ- 
ment, rock avalanches are highly developed in this area. So, 
take the Himalayan Range in China as the studied area, the 
spatial distribution of rock avalanches is analyzed. Here, only 
the rock avalanches with their accumulated areas being over 
>0.2 km? are interpreted. Through remote sensing interpreta- 
tion and field investigations, the total number of rock 
avalanches identified in the Himalayan Range of China is 
up to 772 with their spatial distribution being marked in 
Fig. 1. According to the equation proposed by Larsen et al. 
(2010), the volumes of these identified rock avalanches were 
calculated. 
V=axA’ (1) 
Where, log a = —0.836 + 0.015, y = 1.332 + 0.005, 
V represents the volume of rock avalanche, and 
A represents the accumulated area of avalanche mass. 
Through calculation, it is reached that the number of rock 
avalanches with volumes >1 x 10’ m° is up to 485, occupying 
34.5% of total number. 
As shown in Fig. 1, the distribution of rock avalanches in 
the study area is extremely uneven in space depending on the 
geological environment. Figure 2 show several rock 


Y. Wang et al. 


Fig. 2 Remote sensing images of several rock avalanches occurred in the Himalayan Range 


avalanches developed in the Himalayan Range. From the 
images of these rock avalanches, it also can be seen that 
different morphologies and landforms can be observed 
among them, which indicates that varying pregnant geologi- 
cal environments are also contributed to varying deposited 
characteristics of rock avalanches. Taking the Zhada rock 
avalanche (Fig. 2a) as an example, its bedrock in the source 
area is weakly consolidated conglomerate, fine conglomerate 
mixed with sandstone of Tuolin Formation in Neogene. The 
orientation of the stratum in this case is nearly horizontal with 
a series of steep fissures developed in the source area. Under 
the control of the steep fissure and nearly horizontal stratum, 
the avalanche displays a relatively lager width and shorter 
runout. In the deposit, the original stratigraphy is well pre- 
served with a series of minor scarps generated. For the cases 
shown in Fig. 2b and c, the lithology of their source area 
bedrock is same. However, they present some different 
deposited features. To learn the possible influence of geolog- 
ical environments on the generation of rock avalanches in the 
study region, a primary study on the relationships between 
rock avalanches with elevation, slope angle, slope orienta- 
tion, lithology, fault, river system and glaciers are analyzed 
here. The following results were derived primarily. 


1. From east to west, there are three densely distributed areas 
for rock avalanches generated in the Himalayan Range, 
which are the western high mountainous area belong to the 
Ali region (Zone I), the area within the north-south rift 


zone (Zone II) and the area around the Yarlung-Zangbo 
suture belt (Zone III). From north to south, it can be seen 
that the density of rock avalanches in the high Himalayan 
zone is relatively high. 


. Under the control of altitude, most of rock avalanches are 


distributed in the elevation of 4000—6000 m, which are 
usually the upstream areas of rivers or seasonal ice and 
snow covered areas. In the area of the eastern Himalayan 
tectonic syntaxis, the elevations of most rock avalanches 
range from 1000-3500 m, which is different from other 
places, indicating that other factors instead of elevation 
should be more contribute to the generation of rock 
avalanches here. 


. In the Himalayas, slopes with the angle ranging from 20° 


to 50° are most commonly distributed, which is 
corresponding to the distribution of deep mountainous 
canyons and glacial erosion valleys. In such environment, 
the preferred angles of slopes with rock avalanches 
occurred range from 20—40° mainly. 


. Under the influences of rainfall, sunlight and temperature, 


etc., the density of rock avalanches generated on the 
slopes facing SW and S is obviously higher than that on 
the N and NW facing slopes. Meanwhile, the number of 
rock avalanches generated on the slopes facing SW-S and 
N-NE is relatively higher than slopes facing other 
directions, which should have a certain relationship 
between the N-NE principal stress direction generated 
due to collision between the Indian and Eurasian Plates. 
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5. For the control of lithology, the formations consisting of 
relative hard rocks interbedded with weak interlayers are 
the preferred strata for rock avalanches occurrence. For 
such formations, the appearance of the weak layers is the 
controlling zone for rock avalanches generation. The num- 
ber of rock avalanches generated in hard rock formations 
is in the second place. Meanwhile, it is noticed that the 
slope angles are steeper in the areas composed of relative 
hard rocks. This indicates that such lithology usually form 
relatively steep slopes, which provides preferred topogra- 
phy condition for the generation of rock avalanches. 

6. The distribution of rock avalanches presents a good corre- 
lation with the extensions of major faults. Under the 
control of the major fault systems, i.e., the main central 
thrust, north-south rifts, southern Tibet detachment system 
and the Yarlung-Zangbo suture zone, rock avalanches 
present a striped distribution in plan-view. The closer the 
distance away from fault, the more the number of rock 
avalanches formed. 

7. For rock avalanches generated in the areas influenced by 
glaciers, the slope angle (20—50°), elevation and volume 
of rock avalanches are relatively higher than for those in 
non-glaciated areas. Meanwhile, in the glaciated areas, 
rock avalanches are commonly developed on the slopes 
facing N, W and NW. Conversely, rock avalanches 
generated in the non-glacial areas are mainly formed on 
the slopes facing S and SW. This indicates an obvious 
control of glacier on the generation of rock avalanches. 


Through a comparison of different factors on the spatial 
distribution of rock avalanches in the Himalayas of China, 
we primary reached that the fault systems should be the most 
significant factor for the generation of rock avalanches. In the 
high Himalaya region of China, the role of glacier should be 
the second factor, which intensively influences the stability of 
the bedrocks in the source areas through the effects of 
unloading caused by glacier retreat and freeze-thaw cycles. 
For the non-glacial areas, lithology should be the second key 
factor, which determines the slope steepness and, thus, its 
stability. 


3.2 Locations of the Typical Rock Avalanches 

To learn the characteristics of rock avalanches developed in 
the Tibetan Plateau of China, several typical cases are 
presented for further investigation, i.e., the Luanshibao rock 
avalanche, Nyixoi Chongco rock avalanche, Tagarma rock 
avalanche and Iymek rock avalanche. As shown in Fig. 1, 
they are distributed in different areas of the Tibetan Plateau 
with the Luanshibao rock avalanche in the Sichuan West 
Plateau, Nyixoi Chongco rock avalanche in the South Tibet 
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detachment system, and Tagarma and Iymek rock avalanches 
in the Pamir-western Himalayan syntaxis. Focusing on the 
deposited characteristics of these typical cases, their depos- 
ited characteristics are described in detail, hoping to provide 
more geological evidences for the study of rock avalanches. 
Figure 3 shows the remote images of the studied cases. 


4 Characteristics of Typical Rock 
Avalanche Deposits 


As indicated by the deposited characteristics along the 
travelling paths of rock avalanches, the detached masses 
commonly display very significant mobility and propagate 
like fluid. Along their travelling paths, sequential 
distributions of a series of landforms and internal structures 
indicating fluid-like motion are commonly observed, which 
show typical planar zonation and vertical gradation 
(Dufresne et al. 2016; Strom and Abdrakhmatov 2018; 
Wang et al. 2018, 2019a, 2020; Mitchell et al. 2020). 

According to the spatial distributions of landforms and 
internal structures, rock avalanche deposits can be divided 
into three zones in plan-view from proximal to distal areas: 
the source area, the transition zone and the accumulation 
zone (Dufresne et al. 2016; Wang et al. 2018). The source 
area usually has the armchair shape with a steep bedrock 
scarp in the upper part and a relatively gentle slope in the 
lower part. Sometimes, small amount of rock avalanche 
deposits covers the relatively gentle section. The transition 
zone where the sliding mass rapidly propagates is often 
narrow and long in plan-view. In the transition zone, large- 
scale toreva blocks are typically displayed, which are 
characterized by a relatively flat top surface and a steep 
scarp facing downstream. Additionally, longitudinal ridges 
and linear structures are common being formed by the rapid 
movement of rock avalanche debris. The accumulation zone 
is the main area where most of rock avalanche mass depos- 
ited. In plan-view, the deposits of rock avalanches often have 
lobate or fan-like shape. Margins of the accumulation zone 
are characterized by raised rims that are also called levees, 
and distal ridges. There are also trimlines left by moving 
debris along the travelling path. The frontal margins of 
most rock avalanches are often present in fingering deposit 
(digitate fronts). On the top surfaces of the deposits in the 
accumulation zones, clear longitudinal ridges with longitudi- 
nal groove-like troughs, transverse wave-like ridges, 
hummocks or conical hills, en echelon crevasse-like ridges, 
and X-shaped (fish scale-like) landforms with both ridges and 
troughs often form (Strom and Abdrakhmatov 2018; Wang 
et al. 2018, 2019a, 2020). 

In the cross-section, the most typical deposited feature of 
rock avalanche deposits is inverse grading (Fig. 4). 
According to its vertical grain size distribution, the deposit 
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Fig. 3 Typical rock avalanches distributed in the Tibetan Plateau, China (a: Luanshibao rock avalanche; b: Nyixoi Chongco rock avalanche; c: 


Tagarma rock avalanche; d: Iymek rock avalanche) 


can be divided into three facies from top to bottom: carapace 
facies, body facies and basal facies (Dufresne et al. 2016; 
Strom and Abdrakhmatov 2018; Wang et al. 2019a, 2020). 
The main difference among these facies is their grain size 
distribution. The carapace facies is defined as an assemblage 
of large and angular interlocking blocks concentrated near the 
surface of a rock avalanche deposit and is the coarsest unit in 
a rock avalanche deposit (Dunning 2006; Davies and 
McSaveney 2009; McColl and Davies 2011; Dufresne et al. 
2016). Fine particles seldom occur in the carapace facies, and 
thus this facies is mainly clast-supported. Body facies usually 
forms the main part of rock avalanche deposits. This facies 
shows a wide range of grain sizes from fine particles of 
several millimeters (mm) to coarse clasts of tens of 
centimeters (cm). Sometimes, blocks larger than 1 m also 
can be seen in the body facies. The body facies shows a 
matrix-supported structure with coarse clasts being 
surrounded by large amount of fine particles. The basal facies 
is the bottom part of a rock avalanche deposit as shown in 
Fig. 4. As the direct contact zone with the substrate, the basal 
facies is highly fragmented and mainly composed of fine 


particles of mm scale or even finer particles due to intense 
interaction between the sliding mass and substrate. 

In addition to above mentioned landforms and deposit 
facies, some other characteristics are also commonly 
observed in rock avalanche deposits, such as preserved strat- 
igraphic sequence, jigsaw structure, multi-layered internal 
shear zones, etc. At the bottom of rock avalanche deposits, 
a series of basal deformation structures formed by intensive 
interaction between the sliding mass and substrate can also be 
observed, such as basal shear zones with folds, faults, diapiric 
structures, wedge intrusion, and sand dykes, etc. The 
variations of the grain size distribution and internal structures 
revealed in rock avalanche deposits from carapace facies to 
basal facies indicate the occurrence of different interactions 
among particles with varying depth. On the other hand, it also 
indicates the occurrence of different deformation processes 
and dynamic fragmentation with depth. All of these geologi- 
cal evidences revealed along rock avalanche paths are key 
insights in revealing the kinematics and dynamics of rock 
avalanches. In the following, detailed studies on the four 
cases are conducted. 
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Fig. 4 Conceptual models of the vertical structures of typical rock avalanches (Referred on Weidinger et al. (2014) and Dufresne et al. (2016)) 


4.1 Luanshibao Rock Avalanche 


4.1.1 Geological Setting and General Features 

of the Luanshibao Rock Avalanche 

The Luanshibao rock avalanche is situated in the Maoyaba 
basin, Litang County, Sichuan Province, China. This is 
regionally part of the Sichuan West Plateau. As shown in 
Fig. 5, the Sichuan West Plateau is on the eastern margin of 
the Tibetan Plateau. Due to the intensive collision between 
the Indian and Eurasian plates, the Sichuan West Plateau is 
characterized by complex geologic structures with numerous 
faults and folds generated. The main fault belts formed in the 
West Plateau include the Jinshajiang fault system (F1), 
Litang-Dewu fault system (F2), Xianshuihe fault system 
(F3), Anninghe fault system (F4), and Longmenshan thrust 
belt (F5) as exhibited in Fig. 5. It is reported that all of these 
fault belts are still active with strong earthquakes recorded in 
history (Tang and Han 1993; Yin and Harrison 2000). The 
strongest earthquake recorded in history is the Wenchuan 
earthquake occurred in 2008 along the Longmenshan thrust 
belt with abundant geological disasters (Dai et al. 2011). 

As shown in Fig. 5, the 385-km-long Litang-Dewu fault 
system (F2) is very active among these fault belts with 
3 strong historical earthquakes (M > 7) being recorded. Xu 
et al. (2005) reported that F2 had an average sinistral slip rate 


of 4.0 + 1.0 mm/a and a reverse slip rate being 0.1-1.8 mm/a 
over the past 14 ka. From west to east, F2 is further divided 
into four subsidiary faults that are Chalong-Maoyaba fault 
(F2-1), Litang-Dewu fault (F2—2), Cazhong fault (F2—3), and 
Mula fault (F2—4). The subsidiary fault F2—1 passes through 
the Maoyaba basin where the Luanshibao rock avalanche 
occurred as exhibited in Fig. 5. In history, two strong 
earthquakes with M > 7 ever occurred along this fault. The 
latest one is the Ms 7.3 Litang earthquake, which occurred on 
May 25, 1948, and caused a 70-km-long surface rupture 
(Tang and Han 1993). The high-level of activity along this 
fault system during the Quaternary contributed to the forma- 
tion of the Maoyaba basin (Tang and Han 1993). 

Figure 6 shows the geological setting of the Maoyaba 
basin, where the Luanshibao rock avalanche had occurred. 
For the bedrock of the studied area, there are the appearances 
of the Upper Triassic strata of the Qugasi (T3q), Tumugou 
(Tt), Lanashan (T3/), and Lamaya (T3/m) formations and 
intrusive rocks (65%, nys’“, yBs'“, and 505’) coeval with 
the Triassic Period (257-205 Ma). Within the basin, the 
Quaternary deposits, consisting of Upper Pleistocene lacus- 
trine facies (Q,) and alluvial-fluvial facies (Q7 - Q? ") and 
Holocene alluvial facies Qn”), accumulated (Tang and Han 
1993). 
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Fig. 5 Simplified geological map showing major faults and earthquake activity on the Sichuan West Plateau, China 


As shown in Fig. 3a, the Luanshibao rock avalanche 
detached from a steep slope of the Maoyaba basin northern 
margin. The horizontal distance and vertical drop from the 
head of the scarp to the toe of the avalanche deposit is 4.1 km 
and 821 m, respectively, yielding a fahrbéschung (the ratio of 
the height of the highest point on the main scarp (H) to the 
horizontal projection of distance from this point to the tip of a 
rock avalanche (L) (Heim 1932)) of 0.2. This low value 
indicates an extremely high mobility of this rock avalanche 
(Cruden and Varnes 1996; Lucas et al. 2014). In plan-view, 
the accumulated area of the avalanche deposit is up to 
4.4 km’, and the estimated total volumes of the detached 
rock mass and accumulated debris are 39-47 x 10° m? and 
64-94 x 10° m’, respectively (Guo et al. 2016). 

Fig. 7 shows one longitudinal profile of the avalanche with 
its position being marked in Fig. 4a. As shown in Fig. 7, F2—1 
is located at the toe of the source area. Bounded by F2-1, the 
avalanche source area ranges in elevation from 4275 to 
4931 m above sea level (a.s.1.) and locates on the NE hanging 
wall of the fault. The bedrock in this area is composed of 
granodiorite and biotite granite of Triassic Maohuoshan 


intrusion rock (65! #j mainly. Due to the effects of tectonic 
events and long-term weathering, the bedrock has been 
intensely fractured with three sets of preferred joints 
(Fig. 4a). The dip directions and dip angles of these joint 
sets are 0—10/40-50° (JS1), 165-175/60-70° (JS2), and 
200-250/60-70° (JS3). The rest part of the avalanche is 
distributed in the SW footwall with the elevation ranging 
from 4110 to 4290 m a.s.l. For this area, the slope angle is 
relatively low. And the farther away from the source area, the 
lower the slope angle is. The substrate of this part is com- 
posed of Quaternary alluvial-fluvial facies (QQ 5, 


4.1.2 Sedimentary Features of the Avalanche 
Deposit 
(1) Plan zonation and landforms 


In plan-view, the Luanshibao rock avalanche is present in a 
tongue shape (Fig. 8a). On the surface of the deposit, promi- 
nent well-developed morphologies, including toreva blocks, 
transverse and longitudinal ridges, large ridges separated by 
conjugate troughs, and hummocks, are spatially distributed 
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Fig. 6 Geological setting of the Maoyaba basin where the Luanshibao rock avalanche had occurred 


from the proximal to the distal areas. Such regularly spatial downward slope-parallel scarp, which is located within or 
distribution of so many landforms in one avalanche is rare proximal to the source area. The observed ridges feature 
seen in most reported rock avalanches. Here, the toreva length-to-width ratios generally greater than 2 and heights 
blocks are associated with a massive portion composed of larger than 5 m. The lineaments are characterized by length- 
highly fragmented rock mass with a short runout and a steep to-width ratios greater than 2 and heights less than 5 m. 
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Fig. 7 Longitudinal profile of the Luanshibao rock avalanche 
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Fig. 8 Sketch of the Luanshibao rock avalanche (a) with statistics of huge blocks on the top surface (b) 
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Hummocks are defined as a landform with a length-to-width 
ratio of 1-2 (Dufresne and Davies 2009). 

According to the sequential distribution of these surface 
morphologies along the travelling path, it can be divided into 
three zones in plan-view that are: the source area (I), the 
transition zone (II), and the accumulation zone (IID). In the 
following, detailed descriptions of the morphologies in each 
zone are given to explain the rock avalanche transport 
dynamics. 


a) Source area (I) 


The source area, ranging from 4275 to 4931 m a.s.l., displays 
a U-shape in plan-view. This zone is characterized by a steep 
well-exposed scarp and a relatively gentle section with talus 
accumulation. The maximum longitudinal length and width 
of the source area are approximately 1500 m and 700 m, 
respectively (Fig. 3a). For the steep exposed part, its average 
slope is 35° with a relatively plain surface. Controlling by the 
preferred joint sets shown in Fig. 4a, the exposed scarp is 
characterized by a blocky and intensively fractured structure. 
For the lower relatively gentle section, its average slope angle 
is 20° and was partially covered by avalanche debris and 
post-avalanche talus. 


b) Transition zone (II) 


For the transition zone, two typical landforms are well 
developed—toreva blocks and longitudinal ridges (Fig. 8a). 
As shown in Fig. 9a, two notable toreva blocks were 
generated next to the source area, i.e., the Level-1 (S-1) and 
Level-2 (S-2) toreva blocks. The S-1 toreva block ranges 
from 4200 to 4280 m a.s.l. and present a maximum length 
and width of 450 m and 150 m, respectively. In plan-view, it 
presents a crescent shape with its top surface inclined slightly 
upstream (Fig. 9b). The frontal edge of the S-1 toreva block 
displays a steep dipping escarpment with a maximum vertical 
difference of up to 65 m (Fig. 9c). In the transverse direction, 
the elevation of the S-1 toreva block decreases from left to 
right (Figs. 9a and c). Next to the S-1 toreva block is the S-2 
toreva block ranging in elevation from 4175 to 4200 m a.s.1. 
In plan-view, the S-2 toreva block is also crescent shaped 
(Figs. 9a and d), with a relatively smaller size compared with 
the S-1 toreva block. The S-2 toreva block features a rela- 
tively gentler escarpment along its downward side (Fig. 9a). 
Unlike the undulating topography of the rear part of the 
transition zone, its frontal part is relatively flat, with several 
small-scale escarpments and minor lineaments sparsely 
distributed in the central area. The orientations of these 
landforms are nearly perpendicular to the main sliding direc- 
tion of the rock avalanche. Among these features, the largest 
is the S-3 toreva block with a 10-m-high downward escarp- 
ment (Fig. 10a). 
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The second prominent features in zone II are two large 
longitudinal ridges (L-1 and L-2) in the frontal part of zone II 
(Fig. 8a), which are 280-340 m long and 150-180 m wide. In 
plan-view, they are oval in shape and oriented N10—25°E, 
nearly parallel to the main sliding direction of the rock 
avalanche (Fig. 8a). Another interesting feature is the display 
of two large lateral rims (LR-1 and LR-2) that stand approxi- 
mately 20 m above the original topography along the left and 
right margins of this zone. Figures 10b and c are photographs 
of the accumulated features of both lateral rims captured 
during the field investigation. Additionally, a series of 
small-scale en echelon-like ridges adjacent to the right mar- 
gin of zone II were also observed. The NE-SW orientations of 
the en echelon-like ridges are oblique to the main sliding 
direction of the rock avalanche, indicating the existence of 
lateral spreading near the right margin of the sliding mass. 


c) Accumulation zone (III) 


As shown in Fig. 8a, different landforms are well developed 
in the accumulation zone and present sequential distribution. 
According to the spatial distribution of landforms in zone III, 
it can be further divided into three sub-zones, i.e., sub-zone 
HI-1 with transverse and longitudinal ridges, sub-zone III-2 
with large ridges separated by conjugate troughs and 
sub-zone III-3 with hammocks. 

For sub-zone III-1, gradual changes are observed from the 
rear to the front. Transverse ridges are present in the rear part, 
and criss-crossing transverse and longitudinal ridges are pres- 
ent in the front part (Fig. 8a). According to the statistics, the 
number of prominent transverse ridges formed in the rear part 
is up to 18. They are mainly concentrated in the central area 
of sub-zone III-1 (Fig. 8a). These transverse ridges emerge 
5-20 m above their surroundings. Figure 11 shows several 
transverse ridges photographed from different orientations. 
As shown in Fig. 11, the top surfaces of these transverse 
ridges are relatively flat with huge blocks mainly 
concentrated in the upstream slope. 

Greatly different from the landforms present in the rear 
part of sub-zone III-1, a criss-crossing feature composed of 
transverse and longitudinal ridges is present in the front part 
with good continuity present (Fig. 12). Here, these criss- 
crossing ridges are 20-50 m wide and 30-150 m long. 
Differing slightly from the relief of the transverse ridges in 
the rear part of sub-zone III-1, these criss-crossing ridges 
stand 10—20 m above their surroundings. Due to the presence 
of these criss-crossing ridges, approximately rectangular 
depressions were observed in this sub-zone. Figure 12e is 
the photo of one depression taken during the field 
investigation. 

To quantify the preferred direction of these ridges, statis- 
tics of their orientations were conducted with the results 
being graphed in Fig. 13. The orientations of the transverse 


Y. Wang et al. 


; i z Upwatd 7, ™ 
4280 m à ai 


4255 m £ 


S-I downward escarpment 


> 


S-2 top surface 


S-2 downward escarpment 


N60 W 


A 
wae 


3 a g£ $ 
Zoo Me SY 
a 


Fig. 9 Extension of the tovera blocks in the transition zone of the Luanshibao rock avalanche 


ridges range from N55°W to N80°W mainly (Fig. 13a), strikes of 30—40° (Fig. 13b, including the L-1 and L-2 ridges 
nearly perpendicular to the sliding direction of the detached in the transition zone). 

mass in this section. The longitudinal ridges are mainly Next to sub-zone III-1, large ridges separated by conjugate 
parallel to the sliding direction of the detached mass, with troughs form sub-zone III-2. As shown in Fig. 8a, greatly 
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Fig. 10 Extensions of S-3 toreva block (a) and both lateral ridges (b-c) 


different from the display of the landforms in sub-zone III-1, 
a series of well-developed large ridges are well developed in 
sub-zone Il-2. Figure 14a shows an enlarged view of the 
extension of the conjugated ridges in this subzone. As 
exhibited in Fig. 14a, large ridges in this sub-zone have the 
parallelogram or rhomboid shape mainly. Closer to the lon- 
gitudinal central line, larger the accumulated ridge is. Among 
these large ridges, there are deep conjugate troughs (e.g., 
CT-1 to CT-17 in Fig. 14a), which contributes to the forma- 
tion of these parallelogram shaped ridges. Ridges in sub-zone 
IMI-2 range from 110-280 m in length and from 40-100 m in 
width mainly. The elevation difference between the ridges 
and the troughs is 15—20 m. Figure 14b-d shows three large 
ridges photographed during the field investigation. 
Furthermore, statistics on the orientations of some of the 
large ridges and the deep troughs are plotted in Fig. 15. The 
large ridges are mainly oriented 20—40°, nearly parallel to the 
sliding direction of the detached mass in this section. The 
deep troughs have two sets of preferred orientations, i.e., 
0-20° and 50—70°. With increasing distance from the longi- 
tudinal centre line of sub-zone HI-2, the dimensions of the 
ridges and troughs decrease markedly and become difficult to 
recognize. Moreover, another interesting morphology in 
sub-zone III-2 is the presence of minor undulating topogra- 
phy on the top surfaces of the large ridges, as exhibited in 
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Fig. 14b-d. This feature is similar to waves in water, with a 
series of alternating peaks and troughs. The orientation of the 
undulating topography is perpendicular to the longitudinal 
axes of the ridges. 

In the frontal part of zone III, it is an area characterized by 
a series of hummocks, i.e., sub-zone IM-3. This sub-zone is 
the distal depositional area of the Luanshibao rock avalanche 
and is dominated by a series of small-scale, roughly circular 
or circular hummocks (Fig. 8a). These hummocks are 15 to 
40 m in diameter and stand approximately 5-12 m above 
their surroundings (Fig. 16a-b). The largest hummock is the 
one labelled with the red dashed line in Fig. 16a. The length 
and width of this hummock are 45 m and 39 m, respectively, 
and they raise 12 m above the surrounding. In plan-view, the 
hummocks in sub-zone III-3 present a sparsely distributed 
pattern and decrease in sizes and in height-to-width ratios 
with increasing distance from the proximal to the distal and 
marginal areas. Another striking feature in sub-zone III-3 is 
the presence of a steep frontal edge of the deposited mass 
(Fig. 16c-d). It was measured that the vertical difference 
between the frontal edge of the deposited mass and the 
surface of the river is greater than 2 m. In some sections, 
the height of the frontal edge of the deposited mass even 
reaches 5.6 m. 
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Fig. 11 Extensions of transverse 
ridges in the rear part of sub-zone 


III-1 in the Luanshibao rock 
avalanche 
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(2) Internal deposited features 


In addition to these surficial features, some typical internal 
deposited structures were also observed in the deposit. The 
first interesting feature is the layout of the carapace facies 
with many huge blocks (Figs. 8a and 17). In plan-view, the 
amount of megablocks accumulated in the right part of the 
rock avalanche deposit is obviously higher than that in the 
left part (Fig. 8a). Most of blocks are concentrated in the 
depressions in the right-hand parts of zone II and sub-zone 
M-1. 

In vertical profile, this facies is usually clast-supported 
with large voids. Most blocks retain the original source 
stratigraphy without mixing and are featured by irregular 
angular shapes with very sharp edges and well-developed 
fractures. Jigsaw structures are observed in some megablocks 
(Fig. ). On the surfaces of some megablocks, step 
fractures (e.g., SF in Fig. ) were common observed, 
indicating the occurrence of brittle fracturing during debris 
motion (Wang et al. ). The measurements of the long- 
axis orientations of some megablocks revealed that the 
orientations of most of megablocks are slightly oblique to 


the rock avalanche travel direction. To quantify the block size 
distributions on the top surface of the carapace facies, blocks 
with long axes of >2 m were sampled and counted based on 
our field investigations and remote sensing images. Figure 
shows the statistical results plotted in a frequency distribution 
histogram. As shown in Fig. 8b, the number of blocks with 
long axes of >2 m counted in the Luanshibao rock 
avalanches is up to 2521. For the distribution of blocks, 
megablocks with long-axes of 2 to 3 m are the most common. 
The largest megablock is 12.5 m long and is located in 
zone II. 

Other prominent features revealed in the Luanshibao rock 
avalanche deposits are the inverse grading and jigsaw 
structures (Wang et al. 8; Zeng et al. ). During field 
investigation, exposures of 0.6 to 10 m in height were 
observed in the deposit, allowing us to examine the internal 
structure of its upper portion. Figure shows several 
profiles taken during our field investigation. In the deposit, 
coarse-grained clast-supported breccia and blocks with a fine- 
grained matrix are universally distributed. The clasts are 
angular, with little or no rounding by abrasion. Similar to 
the textures of the megablocks (Fig. ), jigsaw structures 
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Fig. 12 Extensions of criss-crossing ridges in the frontal part of sub-zone II-1 in the Luanshibao rock avalanche 
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Fig. 13 Rose diagrams of the N 
transverse (a) and longitudinal (b) 
ridges in sub-zone III-1 of the 
Luanshibao rock avalanche with 
the red arrow indicating the main 
propagated direction 


S S 
Number of ridge 0 3 Number of ridge 0 | 


fe 


0 50 m 
a 


N6OW d 
—> 


Fig. 14 Extensions of parallelogram shaped ridges in sub-zone III-2 in the Luanshibao rock avalanche 
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Fig. 15 Rose diagrams of ridges N 
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Fig. 16 Hummocks (a-b) and frontal edge (e-d) of the Luanshibao rock avalanche 


Y. Wang et al. 


Fig. 17 Distribution of blocks in the carapace facies of the Luanshibao rock avalanche 


are also observed in some excavated cross sections (Fig. 18), 
indicating a low disturbance in the propagation of the ava- 
lanche mass. 


4.2 Nyixoi Chongco Rock Avalanche 


4.2.1 Geological Setting and General Features 

of the Nyixoi Chongco Rock Avalanche 

The Nyixoi Chongco rock avalanche is situated in the 
Angang graben, Nimu County, Tibetan Autonomous Region, 


China. The Angang graben belongs to the Yadong-Gulu rift, 
which is one of the North-South (N-S) trending rifts in the 
South Tibet detachment system (Fig. 19). The South Tibet 
detachment system, as one of the main structures formed by 
the Indian-Eurasia collision, is composed of 7 nearly parallel 
N-S rifts, which were initiated 8-23 Ma ago. Among them, 
the Yadong-Gulu rift is the youngest one in the Lhasa Ter- 
rane with its central segment being initiated 5 to 8 Ma ago. 
This young rift is characterized by intense tectonic activity 
with strong historical earthquakes (Harrison et al. 1995; 
Chung et al. 2005; Zhang et al. 2013). The latest strong Ms 
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Fig. 18 Vertical profiles revealed in the Luanshibao rock avalanche 


6.3 Angang earthquake occurred in this area in 1992. Fur- 
thermore, Wu et al. ( ) conducted a series of OSL and MG 
dating on samples collected from the western main boundary 
fault of the Angang graben and concluded that the latest 
prehistoric strong earthquake in this area should occur 
about 2.2 ka ago with its Mw being over 7.0. 

Under the effect of historical tectonic activities, the 
Yadong-Gulu rift in associated with an asymmetrical normal 
fault system was generated with its width being 30—40 km. 
The Angang graben is bounded from west and east by normal 
faults and the western one is more developed, with a series of 
preserved fault triangular facets, fault scarps, and fracture 
zones of bedrocks, suggesting that it is an active fault with 
frequent, strong earthquakes. The Angang Graben is a typical 
half-graben situated in the central segment of the Yadong- 
Gulu rift, which is 3-4 km wide and 22-24 km long. It 
presents a generally steeper and higher relief in its western 
than its eastern flank, and is characterized by rugged alpine 
topography due to strong erosion. 

As shown in Fig. 20, the Nyixoi Chongco rock avalanche 
is located on the west flank of the Angang graben. The 
bedrock in the studied area is the Paleogene monzonitic 
granite (E,Kd), which is distributed in the footwall of the 


Yadong-Gulu rift mainly. The hanging wall is covered by 
Pleistocene deposit (Q,), and Holocene alluvial Qn”) and 
colluvial-pluvial (Q,°” *”’) deposits mainly. 

In plan-view, the Nyixoi Chongco rock avalanche has an 
elongated tongue shape (Fig. 20). Due to topographic con- 
finement, the movement direction of the Nyixoi Chongco 
rock avalanche presents an obvious turn of ~50° toward 
southeast from the transition zone to the accumulation zone. 
The runout of the Nyixoi Chongco rock avalanche was 
~4600 m with a vertical drop height of ~885 m, and thus 
the Farboschung (H/L) was 0.19, indicating an extremely 
high mobility of the avalanche mass (Cruden and Varnes 

96; Lucas et al. 2014). Through reconstruction of the 
topography of the source area, volume of the detached mass 
was assessed as ~0.28 x 10° m° with a maximum thickness of 
rock avalanche deposit ~50 m (Wang et al. 0). Along the 
N-S extension of the rift, the Xuqu River is well-developed 
with some vertical profiles of the avalanche deposits being 
revealed, which provides opportunity for the study of its 
internal features. 

Figure 21 is a longitudinal profile of the avalanche with its 
position being marked in Fig. 4b. Bounded by the normal 
fault, the avalanche source area ranges in elevation from 4270 
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Fig. 19 Regional geological setting of the Angang graben 


to 4850 m a.s.l. and locates on the footwall of the fault, giving 
a height difference of 580 m. The bedrock in this area is 
mainly composed of biotite monzonitic granite belonging to 
the Konglangdong formation of the Eocene (E,Kd). Due to 
the effects of tectonic events and long-term weathering, the 
bedrock has been intensely fractured with two sets of pre- 
ferred joints generated (Fig. 4b). The dip directions and dip 
angles of these joint sets are 180-190°/40-50° (JS1) and 
350-360°/60-70° (JS2), respectively, controlling the wedge 
failure of the rock mass in the source area. In the hanging 
wall, it is the distribution of the rest part of the avalanche with 
the elevation ranging from 3965 to 4270 m a.s.l. For this area, 
the slope angle is relatively low. And the farther away from 
the source area, the lower the slope angle is. The substrate of 
this part is composed of Quaternary colluvial-diluvial (oO, 
Q,” and alluvial deposits (Q,”). 


4.2.2 Sedimentary Features of the Avalanche 
Deposit 
(1) Plan zonation and landforms 


As exhibited in Fig. 22, a series of landforms are sequentially 
distributed along the travelling path of the Nyixoi Chongco 
rock avalanche, including toreva blocks, longitudinal ridges, 
transverse ridges, en echelon ridges and hummocks. 


7 ~~ Strike-slip fault 


gor T Normal fault 


According to the spatial distribution of these landforms, the 
Nyixoi Chongco rock avalanche can be divided into three 
zones from proximal to distal part: the source area (I), the 
transition zone (II), and the accumulation zone (III). Field 
investigation reveals that scarps with heights over 15 m 
developed in the frontal part of the transition zone, which 
formed the natural boundary between the transition zone and 
the accumulation zone. Since the source area presents a steep 
topography, the transition zone and the accumulation zone 
present relatively gentle topography with mean slope of ~10° 
and < 2°, respectively. Due to post-rock avalanche erosion 
by the Xuqu River, the section of the avalanche deposit is 
revealed, which provides precious geological evidences for 
studies on the internal sedimentary characteristics and the 
rock avalanche deposit-substrate interactions. 


a) Source area (I) 


The source area of the Nyixoi Chongco rock avalanche is 
located on the footwall of the boundary normal fault devel- 
oped in the west flank of Angang graben. Similar to the 
Luanshibao rock avalanche, its source area also displays a 
U-shape in plan-view. As exhibited in Fig. 21, this area is 
also characterized by a steep well-exposed scarp and a rela- 
tively gentle section with talus accumulated. Bedrock in the 
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Fig. 20 Geological setting of the studied area where the Nyixoi Chongco rock avalanche is situated 


source area was highly fractured due to cut of those 
discontinuities with wedge failure developed in the source 
area. 


b) Transition zone (II) 


The transition zone is characterized by large toreva blocks 
(S-1 and S-2) and large longitudinal ridges (LR) from its rear 
area to its frontal area as exhibited in Fig. 22. In plan-view, 
the S-1 toreva block is 270 m long and 100 m wide with 90 m 
high frontal steep escarpment (Fig. 23a). Next to S-1, it is the 
display of S-2 toreva block, which is 700 m in length. The 
height of its frontal escarpment is about 65 m as exhibited in 
Fig. 22b. Compared to the escarpment of S-1, the slope angle 
of the frontal escarpment of S-2 is relatively lower. On the top 


surfaces of both toreva blocks, numerous blocks are 
distributed (Fig. 23c), with some displaying jigsaw 
structures. 

Next to both tovera blocks, it is the extensions of longitu- 
dinal ridges (LR) as shown in Fig. 22. Due to the erosion of 
surficial runoff, the deposited landform in the right part of 
zone II has been changed. So, only the landforms deposited 
in the middle and left part of zone II were investigated in 
detail during our field survey. Figure 24a shows the extension 
of the longitudinal ridges in zone II. It can be seen that the 
lengths of the longitudinal ridges all exceed 590 m, with the 
aspect ratio > 100. In plan-view, L-1 is in a long strip shape 
with its length and width being ~1000 m and ~ 120 m, 
respectively. L-2 presents a fan-shape from the narrow prox- 
imal to relative wide distal part with its length being ~750 m. 


76 


Y. Wang et al. 


Elevation (m a.s.l.) 


Xuqu River 


0 500 1000 1500 2000 2500 3000 3500 4000 4500 


Horizontal distance (m) 
Lëseid poaza Rock avalanche 
SE deposit 


~2-} Colluvial-diluvial senda a P 
. i Biotite monzonitic granite 
deposit + 


Fig. 21 Longitudinal profile of the Nyixoi Chongco rock avalanche with different scales in vertical and horizontal axes 
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Fig. 22 Shaded relief map of the Nyixoi Chongco rock avalanche with the main landforms marked 
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Fig. 23 Toreva blocks in the transition zone of the Nyixoi Chongco rock avalanche (a: S-1 toreva block; b: S-2 toreva block; c: distribution of 
blocks on the top surface of S-2; the red arrow indicates the movement direction of the sliding mass) 


L-3 displays an oval shape with its length and width being 
~590 m and ~ 100 m, respectively. The orientation of the 
ridges is 100—120°, which are nearly parallel to the main 
moving direction of the avalanche mass. Besides these longi- 
tudinal ridges, another interesting landform was observed 
during our field survey, which is the distribution of numerous 
secondary en echelon-arranged ridges distributed on the 
surfaces of the longitudinal ridges (Fig. ). The second- 
ary ridges formed an acuate angle with the main ridges. 


c) Accumulation zone (M) 


For the accumulation zone, transverse ridges, en echelon- 
arranged ridges, and hummocks of various sizes are sequen- 
tially developed and well-preserved. According to the spatial 
distribution of these landforms from the proximal to distal 
area of zone II, it can be further divided into three sub-zones, 
which are sub-zone IM-1 with transverse ridges (TR) and 
secondary shear faulting, sub-zone III-2 with en echelon 
ridges (ER), and sub-zone IM-3 with hummocks 
(HM) (Fig. 22). 


The sub-zone III-1 with transverse ridges and secondary 
shear faulting starts from the turning part of the avalanche 
and comprises the main part of zone III (Fig. 22). In the rear 
part of this sub-zone, the transverse ridges are 30—60 m long, 
15-30 m wide, and 20-30 m high. Figure shows the 
extension of some transverse ridges in this sub-zone. Huge 
transverse ridges with length > 100 m are distributed locally. 
The aspect ratio of transverse ridges in this sub-zone is 2-3, 
with large transverse troughs developed between adjacent 
ridges. The ridges along with the troughs formed the ridge- 
trough coupled landforms (Fig. ). The main trend of the 
transverse ridges is 40—70°, which is nearly perpendicular to 
the movement direction of the avalanche mass. In the frontal 
part of sub-zone III-1, the scales of transverse ridges increase 
slightly with most ridges ranging from 20-70 m in length and 
even >100 m (Fig. 22). Meanwhile, the width of transverse 
ridges in this part is also larger, especially for those near the 
central line of the avalanche, whose width exceeds 70 m. 
Another interesting feature observed in the frontal part of 
sub-zone TR is the extensions of the secondary shear faulting 
on the surfaces of several large transverse ridges near the 
center line of the avalanche. As shown in Fig. 25c, a large 
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Fig. 24 Longitudinal ridges in the transition zone of the Nyixoi Chongco rock avalanche 


transverse ridge has been cut and separated into 5 parts by 
several dextral secondary shear faulting. Such landform has 
also been reported in previous studies (Shea and van Wyk de 
Vries 8; Paguican et al. 2014; Longchamp et al. 2016). 

Next to sub-zone III-1, there is a sub-zone II-2 with en 
echelon ridges (ER). In this sub-zone, these en echelon ridges 
have relatively smaller sizes in 10—60 m long, 10-20 m wide, 
and 20-30 m high (Fig. 22). Figure shows one set of the 
en echelon ridges in this sub-zone with their main trends 
being 30—40° and 310—320°, respectively, forming an acute 
angle with the movement direction of the sliding mass. In this 
sub-zone, the scales of ridges are smaller than that of 
sub-zone III-1. 

Similar to the Luanshibao rock avalanche, the frontal part 
of the Nyixoi Chongco rock avalanche is a sub-zone III-3 
with multiple hummocks (HM). As shown in Fig. 22, this 
sub-zone is composed mainly of a series of small-scaled 
hummocks with their maximum diameters of 10-50 m and 
heights of 5—12 m, respectively. Figure shows the exten- 
sion of several hammocks in this sub-zone, which are present 


in nearly circular shapes. On the top surface of hummocks in 
this sub-zone, there is almost no blocks. Hummocks in 
sub-zone III-3 are distributed without main trend. 


(2) Internal deposited features 


Apart from these landforms as described above, some typical 
internal deposited features were also observed. The first 
prominent feature is the carapace facies with numerous 
huge blocks (Figs. 22 and 26). As indicated by the red points 
(representing blocks >2 m in long axes) marked in Fig. 22, 
megablocks are commonly distributed along the sliding path. 
It is obvious that megablocks are distributed with spatial 
heterogeneity, as the number of megablocks on the slope of 
transverse ridges is much larger than on the back of the slope. 
Furthermore, the main orientation of the majority of 
megablocks (Fig. 26a-c) is nearly parallel to the main trend 
of the transverse ridges (i.e., perpendicular to the movement 
direction of the avalanche). Among these megablocks, jigsaw 
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Fig. 25 Surficial topography in the accumulation zone of the Nyixoi 
Chongco rock avalanche (a-b: the transverse ridge-trough coupled 
topography present in the sub-zone TR; ¢: secondary shear faulting on 


structures are commonly observed along the travelling path 
(Fig. 26d-f). 

As described above, well-preserved outcrops were 
revealed due to post-avalanche river erosion, which provides 
invaluable geological evidences for the study of rock 
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avalanche emplacement. Figure shows that the Nyixoi 
Chongco rock avalanche deposit is inversely graded with the 
carapace facies, the body facies, and the basal facies being 
sequential present from the top to the bottom. The carapace 
facies consists of angular blocks with size mainly ranging 


Fig. 26 Surficial features of the carapace faices of the Nyixoi Chongco rock avalanche (The movement direction of the rock avalanche is shown as 
the red arrow) 
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ig. 27 Sedimentary features of the Ny Chongco rock avalanche 
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from a dozen of centimeters to several meters. Small amount 
of fine particles fill the pores among blocks as matrix. Thus, 
the carapace facies is characterized by a clast-supported 
structure. The body facies contains fewer blocks yet it is 
composed of clasts with size ranging from several 
millimeters to a dozen of centimeters mainly. Clasts in the 
body facies are also angular and poorly rounded. In some 
outcrops, jigsaw structures are commonly observed in the 
body facies (Fig. 27b-d), indicating that the original shape 
of clasts was preserved after fracturing with the fragments did 
not separating apart or just dislocated minor. In the areas with 
jigsaw structures appeared, directional arrangements of 
fragmented clasts can be observed as exhibited in Fig. 27b- 
c. In one outcrop, z-shaped inner shear band was observed 
(Fig. 27d). The color of the inner shear band is tangerine, 
which is significantly different from the color of the main 
deposits. Grain size in this band is finer than the main 
deposits. Locally, even black clay scale grains are present 
in the inner shear band. Another interesting feature as 
revealed by some outcrops is the appearance of shear 
structures. As shown in the outcrops of Fig. 27b-d, three 
preferred sets of shear structures in varying scales, i.e., R 
shear, P shear and Y shear, can be observed, indicating the 
internal shearing mode in the emplacement of the avalanche 
mass. 

The basal facies is the direct contact zone with the sub- 
strate. Due to the intense interaction between the sliding mass 
and substrate, the mean grain size in this facies is finest 
compared with the carapace facies and the body facies. For 
this facies, it consists of fine particles <2 mm with a small 
number of clasts mainly. Along the contact line between the 
basal facies and substrate, preferred alignment of clasts were 
observed (Fig. 28a-b and d-e), indicating the relative direc- 
tion of movement of the sliding mass over the substrate. In 
the Nyixoi Chongco rock avalanche, the eroded depth has 
exceeded the thickness of the avalanche with the interaction 
morphology between the avalanche mass and substrate being 
well revealed as shown in Fig. 28. The substrate of the Nyixoi 
Chongco rock avalanche is a layer of alluvial deposits 
consisting of silty and clayey particles (finer than the rock 
avalanche particles) mainly, which is classified as a soft 
substrate (Shi et al. 2023). Under the control of such rela- 
tively soft substrate, a series of diapiric structures with vary- 
ing size and morphology were generated along the interface 
of the basal facies and substrate (Fig. 28). For these diapiric 
structures, their upstream slopes and the downstream slopes 
are asymmetric with the downstream slopes being steeper. In 
some outcrops, vertical fold and recumbent fold were even 
generated, indicating an intensive interaction between the 
avalanche mass and substrate (Fig. 28g, l-m). With the gen- 
eration of such structures, their original layer sequences are 
still well-preserved, indicating low disturbance and mixing 
during formation. Consisting with the preservation of the 
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layer sequence, the boundary between the avalanche mass 
and substrate is sharp without obvious mixing, which also 
indicates a low disturbance between the basal facies and the 
substrate during the avalanche propagation. 


4.3 Tagarma Rock Avalanche 


4.3.1 Geological Setting and General Features 

of the Tagarma Rock Avalanche 

Tagarma rock avalanche is located in the Tarim Basin, south 
of Muztag Ata peak in the Eastern Pamir (Fig. 29). This 
region is in the northwestern part of the Himalayan conver- 
gence zone formed as a result of continuous collision of the 
Indian-Eurasian plates initiated about 55 Ma ago. For the 
western tectonic knot, it is one of the regions in the Tibetan 
Plateau experiencing the strongest tectonic stresses and 
exhibiting the fastest uplift and denudation rates (Robinson 
et al. 2004). To date, the convergence zone remains ongoing 
deformation with an uplift rate of 1.5 + 0.5 mm/yr. and a 
shortening rate of 20-25 mm/yr. (Bufe et al. 2017). Such 
intensive deformation has been promoting to the striking 
topography, active tectonics and high seismicity in this 
range (Arrowsmith and Strecker 1999; Cowgill 2010; Strom 
2010). Under the effect of historical intensive tectonic 
activities, a series of fault systems with different scales and 
kinematics have been generated as shown in Fig. 29. North- 
ward, it reaches the Pamir Arc tectonic belt, and southward, 
extends to the Nanga Parbat-Haramush massif. 

Among these fault systems, the Kongur Shan normal fault 
is the main fault system going across the studied area 
(Fig. 29), which is a well-known extensional system and 
was formed in the late Cenozoic due to the exhumation of 
the Muztagh Ata gneiss dome. The extension of this fault is 
approximately 250 km with its overall strike being NNW and 
the dip angle ranging from 55° to 75°. It is reported that this 
fault zone began to generate at 7-8 Ma and remains active as 
a Holocene active fault. The latest strong earthquake 
recorded in this region is the 1895 Tashkurgan earthquake 
with magnitude of Mw 7.0 (Seong et al. 2009). 

Fig. 30 shows the geological setting of the Muztag Ata 
peak region, where the Tagarma rock avalanche occurred. 
The bedrock is composed of Paleoproterozoic gneiss (Pt,B), 
Paleogene monzonitic granite (nyE), Triassic monzonitic 
granite (nyT), and Triassic Quartz diorite (6oT). The basin 
is filled by the Upper Pleistocene glacial deposits (Q25, 
glaciofluvial outwash deposits (Q), and alluvial-diluvial 
deposits (QE, and Holocene alluvial facies (Q),“), alluvial- 
diluvial deposits (Q,””), glacial deposits (Q£) and fluvial 
deposits (Q;"). Due to different geological processes, the 
Quaternary landscapes in this region have undergone signifi- 
cant erosion and alteration. Divided by the Kongur Shan 
normal fault, bedrocks in this studied area appears in the 
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Fig. 28 Diapiric structures generated along the avalanche mass and substrate of the Nyixoi Chongco rock avalanche 


footwall mainly with the hanging wall being covered by 
Quaternary deposits mainly as exhibited in Fig. 30. The 
footwall belongs to the Muztagh Ata gneiss dome, 
characterized by high relief. Gneiss underwent medium- to 
high-grade metamorphism during the Paleoproterozoic Era. 
The Tagarma rock avalanche was just one case originated 
from the gneiss dome. The highest peak in the area is 
Muztagh Ata, which stands at an elevation of 7509 m a.s.l. 
For the hanging wall, it is featured by gentle slopes, with the 
Tagarma intermontane basin formed in the downstream. 

For the climate of this area, it falls within the domain of 
mid-latitude westerlies and too far to be affected by Indian 
summer monsoon. So, its climate is characterized by cold and 
aridity, with an average annual precipitation of 76 mm and 
temperature of 3.6 °C (Sun et al. ; Seong et al. ). 


The Muztagh Ata peak is covered by glacier as shown in 
Fig. 30. 

As shown in Fig. 30, the Tagarma rock avalanche was 
detached from a steep southwestern slope of the Muztag Ata 
peak (38° 4’ 33” N, 75° 10’ 57” E). The source area is a high 
mountainous ridge with an extremely steep frontal slope on 
the footwall of the Kongur Shan normal fault (Fig. 31), and is 
composed of the Paleoproterozoic gneiss (Pt,;B). The gneiss 
exhibits well-developed foliations (F) and dips to the south- 
west at an angle of 60°. As a result of historical tectonic 
activities and weathering, two sets of joint structures with 
attitudes about 315° 450° (JS1) and 60°.270° (JS2) dissect 
the bedrock (Fig. 4c). The travel path on the hanging wall 
presents a relatively flat terrain in contrast to the steep source 
area, mainly composed of Quaternary glaciofluvial outwash 
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Fig. 29 Regional geological setting of the Pamir-western Himalayan syntaxis region 


deposits (Qp”) (Fig. 31b). By "Be dating of gneiss boulders 
sampled from the avalanche deposits, Yuan et al. (2013) 
reached that this event should occur approximately 
6.8 ka B.P. Based on an analysis of the fault activity and 
climatic environment of the study region, Zhu et al. (2019) 
proposed that the Tagarma rock slope was stable under natu- 
ral conditions through a discrete element modeling and most 
likely was triggered by a paleoseismic event. The mean 
annual rainfall of this region is only 76 mm, which is too 
low to trigger a landslide as large as the Tagarma rock 
avalanche. Glaciers have accumulated only in the high- 
elevation areas, and no evidence of freeze-thaw process has 
been found in the source area. Thus, we also agree that the 
Tagarma rock avalanche was a single event triggered by a 
strong earthquake (Wang et al. 2020). 

In plan-view, the Tagarma rock avalanche deposited in an 
elongated tongue shape (Fig. 31a). The horizontal distance 
(L) and vertical drop (H) from the head of the scarp to the toe 


of the avalanche deposit is 5430 m and 1510 m, respectively, 
giving rise to a fahrbéschung value (H/L; Heim 1932) of 
0.28. This low value indicates a hypermobility of the rock 
avalanche (Cruden and Varnes 1996; Lucas et al. 2014). The 
accumulated area of the avalanche deposit is up to 6.15 km’. 
With the help of a fixed-wing unmanned aerial vehicle 
(UAV), high-resolution aerial images of the Tagarma rock 
avalanche were captured in July 2018, and its high-resolution 
DEM model was built. Based on the high-resolution DEM 
data, the pre-avalanche topography of the Tagarma rock 
avalanche was reconstructed utilizing the Topo to Raster 
tool in ArcMap 10.7 software (ESRI). Additionally, through 
a comparison of the pre- and post-avalanche topographies, it 
has been determined that the detached rock mass and the 
deposit have approximate volumes of 0.96 x 10° m°? and 
1.1 x 108 m°, respectively. As such, the coefficient of dilata- 
tion for this landslide is calculated to be 1.15. 


84 


Muztagh 


2-1895 Tashkorgan earthquake 


J 


Y. Wang et al. 


Legend 
~ Holocene alluvial 
Jdeposits 
Holocene alluvial 
Jand diluvial deposits 
| Holocene diluvial 


Holocene glacial deposits 


Holocene fluvial 

_|deposits 

Pleistocene glacial 

deposits 

Pleistocene glaciofluvial 
outwash deposits 

Pleistocene alluvial 

and diluvial deposits 
Pleistocene glacial and 
glaciofluvial outwash deposits 
Monzonitic granite 
(Paleogene) 

Monzonitic granite 

(Triassic) 
Quartz diorite 
(Triassic) 
Blenkule group 
(Paleoproterozoic) 


Gabbro dike 


| | Quaternary active 
fault 

Full Normal fault 
Surface rupture 
jes | Snow boundary 


Fig. 30 Geological setting of the studied area where the Tagarma rock avalanche occurred 


The debris tongue of this avalanche has a sharp and steep 
distal edge that exceeds 50 m in height, which is like to lava 
flows, surpasses the majority of rock avalanches with com- 
parable flat travel paths (Evans et al. 2007; Dufresne et al. 
2010; Basharat et al. 2012; Charriére et al. 2016; Wang et al. 
2018, 2019a, b). Due to the arid climate, vegetation is rare 
along the avalanche path, and only two gullies resulting from 
upstream glacial meltwater were observed. In contrast to 
sediments on the left side of the source area that have been 
altered by gullies, landforms unaffected by such features are 
well-preserved on the surface of this region from proximal to 
distal locations. Owing to the dry climatic conditions preva- 
lent in the research region, blocks manifest negligible levels 
of weathering. Furthermore, some well-preserved outcrops 
exposed by gully erosion were revealed, which is advantage 
for the study of the avalanche propagation. 


4.3.2 Sedimentary Features of the Avalanche 
Deposit 
(1) Plan zonation and landforms 


As described above, high resolution images of the rock 
avalanche were obtained by UAV with the resolution of the 
aerial images being approximately 0.1 m, which was high 


enough for observing the landforms of the avalanche deposit. 
Figure 32 is the shaded relief map of the avalanche derived 
from these images. As shown in Fig. 32, the spatial 
distributions of landforms along the travelling path can be 
highlighted and are easier to observe. From Fig. 32, it can be 
seen that an array of prominent topographic features emerge 
on the deposit surface, including toreva block, lateral levees, 
arc-shaped transverse ridges and linear longitudinal 
structures from proximal to distal areas. Based on the spatial 
distribution of these landforms, the avalanche can be divided 
into three zones: the source area (J), transition zone (II), and 
accumulation zone (III). In the following, the landforms of 
each zone are described in detail based on the analysis of 
these maps and field investigations. 


a) Source area (I) 


The source area, situated at the footwall of the Kongur Shan 
normal fault, ranges in elevation from 4010 to 4791 m a.s.1. 
The fault approximately intersects with the toe of the rupture 
surface of the rock avalanche. In plan-view, the source area 
has the U-shape with its maximum length and width being 
1250 m and 780 m, respectively. As shown in Fig. 33a, the 
source area is composed of an upper steep well-exposed scarp 
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Fig. 31 Remote image (a) and longitudinal profile (b) of the Tagarma rock avalanche 


(I-1) and a relatively gentle section with talus accumulation 
(I-2). For the steep exposed part (I-1), its average slope is 
over 50° with the preferred joint sets being seen clearly 
(Fig. 33a). Cutting by the preferred joint sets, the exposed 
scarp is characterized by a blocky and intensively fractured 
structure. For the lower relatively gentle section (I-2), its 
average slope angle is lower than 30° and was covered by 
avalanche debris and post-avalanche talus. 


b) Transition zone (I) 


As exhibited in Fig. 31a, a gully sourced from the glacier in 
the upstream goes across the transition zone, which destroyed 
the surficial features of zone II greatly. So, only the toreva 
block near to the source area and both lateral levees are still 
well-preserved. Figure 33b shows the extension of the toreva 
block taken during the field survey. It can be seen that the top 
surface of the toreva block is relatively flat with some huge 


86 


Fig. 32 Shaded relief map of the Tagarma rock avalanche 


blocks distributed. It is measured that the width of the toreva 
block is up to 572 m with the height of its frontal escarpment 
being up to 150 m. As exhibited in Fig. 33b, a well-preserved 
outcrop of the toreva block is revealed with an intact rock 
mass intersected by three sets of structures being observed. 
The orientations of joint sets in the intact rock mass are 315°/ 
40° (JS1’), 60°/75° (JS2") and 220°/55° (F’), respectively, 
which is similar to that of the bedrock in the source area. This 
indicates that the detached mass should be slightly 
fragmented and has a minimal disturbance when it reached 
the rear part of the transition zone. 

In addition to the toreva block, the second prominent 
feature in the transition zone is the extension of both large 
lateral levees (LR-1 and LR-2). Figure 33c show the exten- 
sion of the right lateral levee (LR-1). The LR-1 spans a length 
of roughly 1600 m and is elevated approximately 60 m above 
its surroundings. The length and width of LR-2 are 2000 m 
and 40 m, respectively. On the top surfaces of both lateral 
ridges, there is a widespread distribution of boulders as 
exhibited in Fig. 33c. 


Y. Wang et al. 
c) Accumulation zone (MI) 


Compared with the transition zone, the landforms in the 
accumulation zone are slightly eroded and relatively well- 
preserved. As exhibited in Fig. 31a, the most typical surficial 
feature in zone III is a sequential distribution of arc-shaped 
transverse ridges with convex sides facing forward. Unlike 
linear transverse ridges observed in other rock avalanches 
described herein, those of the Tagarma rock avalanche 
exhibit curvature. This provides an ideal condition for a 
meticulous study of the characteristics of arc-shaped trans- 
verse ridges. 

From Fig. 31a, it can be seen that megablocks within zone 
IMI exhibit alternate dense and sparse concentrations as runout 
increases. According to the variations in megablock 
concentrations and topographies in this zone, zone MI can 
be further divided into four distinct sub-zones, namely III-1, 
T-2, HI-3 and II-4 (Fig. 34a). In these sub-zones, the trans- 
verse ridges exhibit a stepped distribution in the longitudinal 
direction, featuring enormous and steep steps. Figures 34c-d 
are photos of the frontal escarpment of the transverse ridges 
with their locations being marked by yellow squares in 
Fig. 34a. Height of the steep step that forms the frontal 
edge of sub-zones III-3 and III-4 is greater than 30 m and. 

Corresponding to the layout of these arc-shaped transverse 
ridges, another notable characteristic observed in zone III is 
the directional distribution pattern of megablocks along the 
arc-shaped transverse ridges. To give a direct impression of 
the spatial extensions of blocks in this zone and accurately 
assess the distributed regularity of blocks on the top surface 
of each arc-shaped transverse ridge, 11 sites as highlighted by 
red squares in Fig. 33a were selected for statistical analysis of 
the preferred extensions of blocks with varying location. For 
each site, its size is 50 x 50 m°. The rose diagrams shown in 
Fig. 33b depict the preferred orientations of blocks 
corresponding to the 11 sites. For each site, only boulders 
with the side length > 1 m were counted. And a total of 3676 
blocks were analyzed, with roughly 300 blocks of / > 1 min 
each site. As indicated in Fig. 33b, blocks in the three sites 
within sub-zone III-1 (i.e., No. 1’, No. 2’, and No. 3’) exhibit 
a predominant orientation of approximately N. Additionally, 
a secondary preferential orientation towards N85°W can be 
observed for the blocks in site No. 3’. For blocks in sites 
No. 4’ and No. 5’ in sub-zone III-2, their preferred 
orientations are 310—330° and 270—280°, respectively. For 
blocks in sites No. 6’ and No. 9’ in sub-zones M-3 and IL-4, 
their preferred orientations are 300—330°. For blocks in site 
No. 10’, the preferred orientation is 270—280°, which is same 
to that of blocks in No. 5’ in sub-zone III-2. The preferred 
orientation of blocks in No. 11’ is 50-60°. From the 


Rock Avalanches in the Tibetan Plateau of China 


87 


Movement direction 
— 


ES 


Movement direction 


p 


Fig. 33 Photos showing the extension of the source area (a), toreva block (b) and right lateral ridge (c) of the Tagarma rock avalanche 


extensions of blocks in each site, it can be reached that most 
of blocks are aligned tangentially to the trajectories of the 
arc-shaped transverse ridges, except sites No. 2’, No. 7’ and 
No. 8’. 

As exhibited in Fig. 32, the third prominent feature of 
zone III is the extension of the linear longitudinal structures 
as highlighted by the red dashed lines in the shaded relief 
map of the Tagarma rock avalanche. In plan-view, these 
linear longitudinal structures display a feature of dextral 
shearing. 


(2) Internal deposited features 


Apart from these landforms as described above, some typical 
internal deposited structures were also observed in the 
deposit. The first prominent feature is the layout of the 
carapace facies with many huge blocks (Figs. ). As 
exhibited in Figs. 35a-g, directional alignment of megablocks 
is evident along the entire travelling path. Clusters of 
superimposed megablocks exhibiting varying degrees of 
fragmentation are widely distributed in the carapace facies, 
forming what is known as an imbricate structure. And jigsaw 
structures were commonly observed. Based on the distribu- 
tion of these megablocks, a conceptual model to illustrate 
how the distribution of these clusters changes with increasing 
runout is reached (Fig. ). For the avalanche mass 
accumulated at the rear edge of the transition zone, it displays 


a very low disturbance with a typical jigsaw structure can be 
observed in the profile of the toreva block (Fig. 35b). The 
orientation relationship of its internal three sets of structures 
essentially inherits the bedrock orientations in the source 
area, with only a minor degree of rotation during movement. 
As the runout increases, the detached rockmass undergoes 
further fragmentation, which is controlled by internal folia- 
tion and two sets of structures. This results in the formation of 
these slab-like megablocks that are several dozen meters in 
length. The contact surface is formed due to control exerted 
by internal foliation, and these megablocks are distributed in 
a superimposed relationship facing upstream (Fig. ) or 
downstream (Fig. ). 

In addition to the alignment of megablocks in the carapace 
facies, several typical internal sedimentary characteristics 
were also observed within the deposit. The first prominent 
feature is the inverse grading as exhibited in Fig. 36a. As 
shown in Fig. 36b, the carapace facies is mainly composed of 
angular blocks. To quantify the grain size distribution of the 
deposit, one sampling location of the carapace facies was 
selected for grain size analysis. It is reached that the content 
of blocks >10 mm in length is over 60%. Similar to the 
directional alignment of megablocks observed on the top 
surface of the accumulation zone, the orientation of 
megablocks can also be observed in profile, either upstream 
or downstream. The body facies contains nearly 80% of the 
deposit with its grain size ranging from mm to dozens of cm 
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Fig. 34 Enlarged view of the accumulation zone (a) with rose diagrams of the counted sites (b), and two enlarged views of the stepped slopes in 
zone III (c-d) 


(Fig. 36c). The basal facies is primarily supported by a matrix 
with a relatively high content of angular and irregular fine- 
grained clasts (Fig. 36d). As the lowest zone of the avalanche 
mass, it exhibits the highest degree of fragmentation with its 
particle size being significantly smaller than that of the body 
facies and carapace facies. The content of particles <1 mm in 
size is over 40%, which is significantly greater than that in the 
body facies. Furthermore, the majority of the coarse 
fragments within the sediment exhibit a slab-like morphology 


with their upper surface oriented downstream and their incli- 
nation direction aligned with the propagation vector of the 
avalanche mass. 

The substrate beneath the basal facies is composed of 
well-rounded pebbles and boulders, which are distinctly dif- 
ferent from the avalanche mass (Fig. 36a). These clasts were 
deposited in directional arrangements either upstream or 
downstream (Fig. 36e-f), indicating the existence of pushing 
and squeezing effect from the avalanche mass. Cracks and 
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Fig. 35 Photos showing the extension of megablocks along the travelling path and corresponding conceptual model with the red arrow indicating 


the movement direction 


fissures are commonly developed in the well-aligned 
boulders and pebbles in the substrate (Fig. 36g-h), which is 
consistent with the findings of Dufresne et al. (2010) and 
suggests strong interactions between the avalanche mass and 
substrate. In addition to these features, another interesting 
phenomenon was also observed during the field investiga- 
tion. That is the extension of a nearly horizontal boundary 
between the basal and substrate with minimal mixing 
observed, which is obvious different from that observed in 
the Nyixoi Chongco rock avalanche. 


4.4 lymek Rock Avalanche 


4.4.1 Geological Setting and General Features 

of the lymek Rock Avalanche 

The gigantic lymek rock avalanche is the longest rock ava- 
lanche reported in China at present (Shi et al. 2023). It is 
located in the eastern foot of Pamir (Fig. 37a). As shown in 
Fig. 37b, an arcuate thrust belt comprising a series of actively 
seismogenic thrust faults dipping to south are well-developed 
along the margin of Pamir, i.e., the main Pamir thrust. It 
demarcates the boundary between the Pamir and the Tarim 
basin (Fu et al. 2011; Chevalier et al. 2011, 2015). This fault 
system, characterized by intensive tectonic activity, is the 
source zone of strong earthquakes with high magnitude 
(Arrowsmith and Strecker 1999; Zubovich et al. 2010; Fan 
et al. 1994; Strecker et al. 2003; Ischuk et al. 2013). 


The Main Pamir Thrust passing across the IRA deposits, is 
a ~ 1000 km long, seismogenic, and segmented reverse fault 
with low angle dipping to southwest and defines the northeast 
boundary of the Pamir (Figs. 37b and 38a). GPS data suggest 
the Main Pamir Thrust remains tectonically active and the 
uphill rate along it reach up to 6 mm year ' in the Alai valley. 
Controlled by the Main Pamir Thrust, the hanging wall is 
composed of bedrock mainly, including the Upper Creta- 
ceous (K2), Upper Carboniferous to Lower Permain (C3- 
P,), Carboniferous (C), Lower Palaeozoic (Pz,) sedimentary 
and metamorphic rocks and Permian granite (v3 ). In the 
footwall is the Tarim basin, representing a gentle piedmont 
basin filled with Upper Pleistocene to Holocene alluvial and 
diluvial deposits (Q3.4“”), Middle Pleistocene alluvial 
deposit (Q: and Pliocene to Lower Pleistocene deposit 
(N2-Q1). 

In terms of the climatic environment, this range is located 
in the innermost part of the continent surrounded by high 
mountains, making it extreme dry. It belongs to an extremely 
continental climate with mean annual precipitation less than 
100 mm/yr. In mountainous region immediately behind the 
Iymek rock avalanche, the Quaternary glaciation and degla- 
ciation occurred repeatedly and left abundant peculiar 
landforms, such as regular curvilinear form, evenly truncated 
spurs, and wide infilled floor (Liu et al. 2014; Strom and 
Abdrakhmatov 2018). However, there are no signatures 
related to glaciation or deglaciation on both sides of the 
Tymek and adjoining valleys. 
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Fig. 36 Photos showing the inverse grading of the deposit and substrate layout 
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Fig. 37 Location of the Iymek rock avalanche and regional geological setting 


As shown in Fig. 38b, the Iymek peak is composed of the 
meta-sedimentary rocks with different degrees of metamor- 
phism formed in the lower Palaeozoic Era, including chlorite 
schists, marbles and intercalated metamorphic 
conglomerates. The anaclinal bedrocks develop centimetric 
foliations (F) dipping to southwest at 15—40° and are dis- 
sected by two sets of joints with attitudes 113° 460° (JS1) 
and 325° 245° (JS2), respectively (Fig. 4d). Such nearly 


orthogonal discontinuities are particularly responsible for a 
wedge failure. 

The Iymek rock avalanche detached from the steep Iymek 
peak most likely triggered by strong earthquake along the 
Main Pamir Thrust ~7.1 ka ago (Yuan et al. 2013; Shi et al. 
2023). After detaching from the source area, the huge mass 
travelled downward rapidly along the laterally confined val- 
ley and deposited onto a gentle basin terrain as an 
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Fig. 38 Geological setting of the Iymek rock avalanche (a) with a longitudinal profile of A-A’ (b) 


asymmetrically elongated sheet (Fig. 39a). In plan-view, the 
depositional sheet is surrounded by bulging distal edges and 
raised margins, making the avalanche deposit clearly distin- 
guished from adjacent alluvial deposits (Fig. 39a). From the 
current head to the toe, the drop height of the avalanche is 
2135 m and the travelled distance is 16.3 km, which corre- 
spond to an apparent friction coefficient of 0.13. The covered 


area is over 48.0 km? with varying deposited thickness. It is 
measured that the thickest depth is over 90 m distributed in 
the valley section and the thinnest depth is ~10 m in the 
middle part of the deposit sheet. Through topography recon- 
struction, it is reaches that the detached volume and the 
depositional volume of the Iymek rock avalanche are 
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Fig. 39 Remote sensing image showing three zones of the Iymek rock avalanche (I: the source area; II: the transition zone; NI: the accumulation 
zone) (a) and enlarged views of the stepped slopes dividing the three zones (b-d) 


~0.98 km? and 1.37 km’, respectively, yielding a dilatation 
coefficient of 1.39 (Shi et al. ). 

Figure shows one longitudinal profile of the ava- 
lanche with its position being marked in Fig. 4d. From 
Fig. 38b, it can be seen that the Main Pamir Thrust is located 
along the boundary of the transition zone and accumulation 
zone, which is also a terrain rapid change zone. Bounded by 
the Main Pamir Thrust, the avalanche source area and transi- 
tion zone are mainly composed of marble, chlorite schist and 
conglomerate of Lower Palaeozoic. Due to the effects of 


tectonic events and long-term weathering, the bedrock has 
been intensely fractured with preferred joints developed 
(Fig. 4d). The accumulation zone is at the NE footwall. For 
this area, the slope angle is relatively low. And the farther 
away from the source area, the lower the slope angle is. The 
substrate of this part is composed of Quaternary alluvial- 
fluvial facies (Q3.4“’”’). 

The arid climate allows the huge deposit sheet to be well- 
preserved. Subsequent river erosion yields a series of well- 
exposed outcrops with thickness more than 80 meters, 
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providing a good opportunity to learn the internal 
characteristics of the deposit. This catastrophic emplacement 
leaves a splendid legacy bearing tremendous volume, well- 
preserved landforms, as well as spectacular exposures, which 
provide an excellent laboratory for studying rock avalanches. 


4.4.2 Sedimentary Features of the Avalanche 
Deposit 
(1) Plan zonation and landforms 


As exhibited in Fig. 39a, the Iymek rock avalanche presents 
an elongated tongue with two branches at its frontal part. On 
the surface of the deposit, prominent well-developed 
landforms, including toreva blocks, transverse and longitudi- 
nal ridges, and hummocks, are distributed from the proximal 
to the distal areas. Based on geomorphological and deposi- 
tional characteristics, three zones can be recognised from the 
scarp to the distal edge (Fig. 38a): the source area (I), the 
transition zone (II), and the accumulation zone (III). 


a) Source area (I) 


The source area of the deep-seated Iymek rock avalanche 
features a V-shaped scar (Fig. 39b). The source area scar is 
3.0 km long, and 1.7 km wide with its elevation ranging from 
2800 to 3980 m as.l. Through reconstructing of the 
pre-avalanche topography, it is derived that the original alti- 
tude of the Iymek peak was up to 4225 m a.s.l., higher than 
present altitude. The main scarp of the detached wedge is 
behind the original ridge crest, shaving the summit peak 
about 250 m. The southeast-facing scarp is a nearly planar 
surface reflecting the light of sun. 


Fig. 40 Panorama of the [a | 
transition zone comprising well- 
confined valley topography and 
trimlines (a), and its frontal 
complex terrain (b) 
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For the transition zone, the first prominent landform is the 
display of a large toreva block at the base of the source area. 
As the prominent landform near the source area, it consists of 
one or more faulted blocks that have slid down a little 
distance without disintegration and covers the toe of rupture 
surface. The diamond-shaped toreva block has a relatively 
gentle platform with a length of ~900 m in the movement 
direction, a maximum width of 800 m, and a vertical height 
of 220 m (Fig. 39b). A well-exposed outcrop reveal its 
internal structures efficiently, which indicates that the toreva 
block is composed of undisintegrated host rock mass, i.e., the 
grey marble overlying on the green schists bearing continu- 
ous, undistorted original foliations. 

The second typical feature of the transition zone is a well- 
confined valley topography in the downstream, which has a 
length and width of 4.0-4.8 km and 2.0 km, respectively 
(Fig. 40a). The open valley bottom provides the avalanche 
mass propagation along laterally confined valley that gradu- 
ally widens downstream. Along both lateral boundaries, a 
pair of parallel trimlines composed of the avalanche masses 
adhering to the lateral bedrock ridges can be observed. The 
continuous trimlines extend 4 km along both valley sides and 
stand 100 m above the current deposit surface. Trimlines 
indicate the original thickness of rapidly moving debris pass- 
ing here during rock avalanche motion. At end of the transi- 
tion zone, complex terrain consisted of several pre-existing 
rocky hills as the throat of the passage lead to the moving 
mass split into several streams along the channels (Fig. 40b). 
Although most of them are covered by avalanche materials, 
three isolated rocky islands formed by in-situ bedrock can be 
identified. Figure 39c shows one profile of the in-situ island 
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photographed during field survey. The right one forms a 55 m 
high steep downward escarpment comprising of metamor- 
phic conglomerates mainly. 


c) Accumulation zone (M) 


In the accumulation zone, the sheet is composed of two 
asymmetrically elongated lobes. On a low-angle (3-4°) 
basin surface, the left lobe extends 9 km with a width of 
2.5 km and the right lobe extends 7 km with a width of 
2.7 km in the 45—50° direction. Each lobe is surrounded by 
relatively steep lateral levees and bulging distal fronts with 
heights of nearly 30 m (Fig. 39d). The steep frontal rim is 
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similar to the steep frontal rim of the Tagarma rock ava- 
lanche. Figure 41 shows an enlarged view of the accumula- 
tion zone. From Fig. 41, it can be seen that the surficial 
landform in zone III is a classical wave-like topography 
akin to other large rock avalanches, including flowbands, 
hummocks, as well as longitudinal and transverse ridges. 
According to the spatial distribution of these landforms, 
zone III can be further divided into six sub-zones as exhibited 
in Fig. 41. 

The proximal area of zone III is characterized by a series 
of elongated flowbands and longitudinal ridges (the sub-zone 
II-P). As shown in Fig. 41, the flowbands commonly extend 
several hundred meters to thousand meters toward the 
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Fig. 41 Enlarged view of the accumulation zone with the six sub-zones being marked and corresponding rose diagrams of ridge directions in each 
sub-zone. The ridges and hummocks are marked by the block short lines and the orange circles, respectively 
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Fig. 42 Morphological features in sub-zone III-P. (a) Flowbands on the right side with their corresponding satellite image (b). (c) Flowbands on the 
left side. (d) Longitudinal ridges with their corresponding satellite image (e) 


movement direction and align with parallel longitudinal 
grooves. Close to the margins of both lateral sides of 
sub-zone II-P, a series of sub-parallel flowbands are well 
continuous, and can be traced up to 1.0 km with widths of 
30 to 100 m. Especially, the flowbands on the right side 
extend more than 1.0 km and display a flexural shape to 
accommodate the flow-like motion of the avalanche mass 
(Fig. ). The right side flowbands consist of block 
clusters and are separated by areas lacking large blocks. 


The left side flowbands are relatively straight directed less 
than 30°, diverging from the main rock avalanche direction 
(45°) and deflecting to the left lateral margin, suggesting the 
local moving direction during rock avalanche propagation. 
Furthermore, some flowbands split into sub-parallel multiple 
bands (Fig. 41c). In the central part of sub-zone II-P, several 
longitudinal ridges stand tens meters above the adjacent 
alluvial deposit (Fig. 41d-e). These ridges stretch hundreds 
of meters with a preferred orientation of 40—50°, parallel to 
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Fig. 43 Photographs exhibiting the deposited feature of the ridges in sub-zones III-L1 (a-b) and III-R1 (c) 


the moving direction of the avalanche mass. In terms of 
interior, ridges consist of intensively fragmented marble 
clasts, rather than of large (> 1 m) block aggregations. 

Next to the sub-zone I-P with longitudinal landforms 
distributed, there are series of conjugate ridges in the left 
lobe, named as sub-zone III-L1. In this sub-zone, undulating 
topography like water waves is the most general landform 
(Fig. ). With the increase of runout, the scales and 
preferred orientations of ridges slightly change with three 
preferential directions. To quantify the preferred extensions 
of ridges in sub-zone III-L1, three areas LI-1, L1-2, and 
L1-3 were selected for statistical analysis with corresponding 
rose diagrams being graphed (Fig. 41). We found that the 
conjugate ridges in the IM-L1—1 area strike 160—170° and 
90-100°, respectively, oblique to the avalanche mass main 
movement direction. The angle between the both preferred 
sets of conjugate ridges is 60°. In addition, a set of ridges 
oriented at 110—130° are also well-developed in this part. In 


the area of III-L1—2, the X-conjugate ridges are still the 
prevailing ridges with their preferred extensions being of 
90—100° and 180—190°, respectively. With a further increase 
of runout, the ridges apparently present two different 
prevailing orientations with one being slightly parallel to 
the main moving direction and another being mainly oriented 
at 90-130° oblique to the main moving direction. 

In the right lobe (the sub-zone III-R1), series of transverse 
ridges are distributed next to the sub-zone II-P. Similar to 
sub-zone III-L1, undulating topography like water waves is 
also the most general landform in sub-zone III-R1, although 
their shapes and scales are different. In sub-zone III-R1, it is 
mainly featured by a series of transverse ridges and 
associated depressions (Fig. ). The surfaces of these trans- 
verse ridges are covered by fragmented clasts and blocks. 
Spatially, these transverse ridges extend 50 to 370 m in 
length with the width and height ranging from 20 to 50 m 
and 2 to 10 m, respectively. The wavelengths between 
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adjacent transverse ridges or grooves are 20 to 80 m, with the 
mean value of 50 m. To clarify the spatial orientation of these 
ridges, three areas named R1-1, R1-2, and R1-3 were 
selected for statistical analysis with the corresponding rose 
diagrams being graphed (Fig. 41). The preferred orientation 
of the transverse ridges in sub-zone IH-R1 is 130—150°, 
which is perpendicular to the avalanche mass main moving 
direction (45°). Additionally, it is noticed that the scale and 
density of the transverse ridges in sub-zone III-R1 varies with 
runout. In the central area of sub-zone III-R1, the transverse 
ridges are distributed relatively uniformly and have approxi- 
mately equal wavelength. As the runout increases, the trans- 
verse ridges appear to be denser with their widths being larger 
and the adjacent grooves being shallower, so that it is difficult 
to distinguish individual ridges in the distal area. 

In addition to the distribution of the landforms in 
sub-zones II-L1 and IM-R1, another prominent feature is 
the oblique ridges along the marginal areas in both lobes 
(Fig. 41), named as sub-zones I[J-L3 and HI-R2. In both 
sub-zones, the oblique ridges are well extended with an en 
echelon alignment featured by dextral shear dislocations. 
These ridges can maximally stretch for about 400 m long 
and about 10-50 m wide. From the rose diagrams of 
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subzones III-L3 and II-R2 (Fig. 41), it can be reached that 
the prevailing orientation of these oblique ridges is about East 
in both areas and oblique to the main moving direction (45°). 

Besides, there are multiple hummocks in the medial area 
of the left lobe, which is named as sub-zone III-L2. In plan- 
view, over 1000 hummocks can be identified (Fig. 41), which 
is also a diagnostic morphologic feature reported at other 
rock avalanches. These hummocks are featured by regular 
or irregular circular cones and circular to elliptical shapes in 
plan-view. They commonly range from 10 m to 50 m in 
diameter and raise 2-10 m above adjacent deposit surface 
(Fig. ). A typical example shown Fig. is a circular 
hummock that has a height of 4.3 m with a diameter of 14 m 
and consists of intensively fragmented clasts rather than large 
blocks. The distribution of hummocks is relatively 
non-uniform. Some stand alone, while others distributed 
closely and separated by shallow grooves, forming a large 
hummock or ridge. 

The last significant feature in zone III is the extensions of 
the lateral levees in each lobe, which comprise the sheet 
margins in the accumulation zone (Fig. 41). A pairs of levees 
along the left lobe are of good continuity and well-preserved. 
The left levee of the left lobe extends 6.2 km with a width of 
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Fig. 44 Photographs of hummocks in sub-zone IN-L2 (a-b) and lateral levees in zone III (e-d) 
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Fig. 45 Three facies of the Iymek rock avalanche deposit in accumulation zone (a) with both close-up views to show the interaction features 


between the basal facies and underlying substrate (b-c) 


60-110 m and rises from 20-30 m above the outer side 
terrain. The right levee extends straightly 5.8 km with width 
of 80-100. Interestingly, a secondary levee with a width 
about 50—60 m, with the overlapping on the inside of the 
primary right levee is observed, forming a multiple 
sub-parallel levee (Fig. ). By contrast, in the right 
lobe, its left levee extending 3.6 km is discontinuous and 
broken into several segments because of subsequent erosion. 
The right levee segment remains only 1.5 km in the proximal 
area and the counterpart completely disappeared in the distal 
area due to intensive erosion. These levees are higher than the 
undulating depositional terrain surrounding them. 


(2) Internal deposited features 


As shown in Fig. 45a, the Iymek rock avalanche deposit also 
can be generalized into three facies from the top to bottom, 


i.e., the carapace facies, body facies, and basal facies, 
forming a classical inverse grading. 


a) Carapace facies 


For the carapace facies, large blocks with preserved original 
foliations are widely distributed on the surface (Fig. 46a-c). 
Directional alignment of blocks can also be observed in the 
Iymek rock avalanche deposit. And the foliated surfaces of 
most blocks are facing upstream or downstream (Fig. 4 ), 
which is similar to the Tagarma rock avalanche. Through a 
statistical analysis on the grain size distribution of the surfi- 
cial blocks, it is reached that the block size distribution of the 
carapace facies presents a wide span from several centimeters 
to the maximum up to 10 m (Fig. 46a-c). In outcrops, this 
facies predominantly consist of poorly sorted coarse clasts 
(Fig. 46d-e). Irregular angular clasts bearing very sharp edges 
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Fig. 46 Representative carapace facies comprising large blocks. (a) A panorama of the blocky surface of the deposit. (b-c) Surficial blocks 
preserved their original foliations. (d-e) Internal structures of the carapace facies 


interlock with each other, resulting in a clast-supported struc- 
ture. In some outcrops, jigsaw structures with original 
foliations being preserved can be observed (Fig. 46e). For 
these jigsaw fractured blocks, they experienced disintegra- 
tion, but did not separate and were commonly immersed in 
fragmented smaller clasts. 


b) Body facies 


Underlying the carapace faices, it is the layout of the body 
facies, which constitutes the main part of rock avalanche 
deposits. As shown in Fig. 45a, the body facies of the 
Iymek rock avalanche deposit is mainly composed of clasts 
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Fig. 47 Typical outcrop in the transition zone shows the preserved original bedrock stratigraphy and faults. In the schematic representations, the 
colour grey, green, and red represent the marble breccia, chlorite schist breccia and metamorphic conglomerate breccia, respectively 


ranging from ultrafine powders to decametric blocks, imply- 
ing an intensive but heterogeneous fragmentation. Those 
blocks include isolated jigsaw-fractured clasts and large 
isolated blocks, which still preserve their original foliations 
and are commonly surrounded by fine-grained matrix with a 
matrix-supported structure. 

In the body facies, some different landslide-tectonic 
structures are also well developed. The first one is the pre- 
served initial stratigraphy. As exhibited in Figs. 47a and 48a, 
preservation of original stratigraphic sequence composed of 
grey marble layer overlying green chlorite schist layer can be 
observed commonly throughout the Iymek rock avalanche 
deposit from the transition zone to accumulation zone, 
although the avalanche mass has experienced long runout 
and has been fragmented completely. Figure 47 shows an 
~87 m high outcrop in the transition zone. For this outcrop, 
the upper part of the body facies is fragmented marble with 
the underlying material being fragmented chlorite schist. 
Both of them consist of the body facies with a clear boundary 


between them, indicating a low disturbance and mixing in the 
body facies. In the underlying chlorite schist layer, the origi- 
nal rock mass structure without distortion can also be 
observed, indicating a low disturbance of the fragmented 
mass. Additionally, a purple-red metamorphic conglomerates 
layer about 3—4 m thick sandwiched in the schist layers can 
be observed. In the fragmented chlorite schist, some small- 
scaled normal faults were generated. Similar to the outcrop 
shown in Figs. 47 and 48a shows another outcrop with 
preserved original stratigraphy in the body facies, which is 
at the proximal area of the accumulation zone. As the runout 
further increases, the underlying chlorite schist layer is invis- 
ible due to the limited erosion depth. Figure 48b-c is both 
enlarged views to show the contact relationships between 
both fragmented layers in the body facies. It can be seen 
that although the avalanche mass displays an increasing 
fragmentation with travelled distance in the accumulation 
zone, the contact surface between the fragmented marble 
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layer and green schist layer is still well-defined without 
intensive internal mixing. 

The second typical feature in the body facies should be the 
appearances of a series small-scaled normal and reverse faults 
as revealed by outcrops in the deposit from the transition 
zone to the accumulation zone. As shown in the outcrop in 
the transition zone (Fig. 47), several high-angle normal faults 
dipping to the avalanche movement direction that dislocated 
the metamorphic conglomerate layer are well developed. In 
the outcrop of the accumulation zone (Fig. 48a), several 
small-scaled normal faults interspersed in the body facies 
were also observed, which were truncated by a large 
low-angle thrust fault. Figure 48d-e shows enlarged views 
of the fault system. The combined relationship of these faults 
is an important geological evidence, indicating the direction 
of relative movement of material in the body facies. Beneath 
the thrust fault, a narrow wedge along the movement direc- 
tion consisting of chlorite schist clasts inserted into the mar- 
ble matrix and tapers off (Fig. 48e). In the distal area, 
numerous faults also can be identified. Compared with the 
transition zone, these faults have relatively smaller length but 
are distributed densely, and have complex interrelation. For 
instance, an outcrop belonging to the transverse ridge 
displays a set of normal and reverse faults interlace with 
each other and dislocate the internal layers and shear bands 
(Fig. 49a). 

The third prominent feature in the body facies throughout 
the avalanche deposit is the distribution of narrow internal 
shear bands composed of highly pulverized ultrafine grains. 
Most of shear bands have thicknesses of centimetres and are 
subhorizontal with little undulations. The colour of the inter- 
nal shear bands is obviously different from adjacent 
materials, which is easy to be identified (Fig. 49). As shown 
in Fig. 49a, a series of internal shear bands are well generated 
that are displaced by a number of moderately dipping normal 
faults and divided into several segments. These shear bands 
feature undulated bands bearing thin trailing vein or present 
an elongated lens shape (Fig. 49b). Additionally, some shear 
bands display complex structures like a flame or irregularly 
contorted appearance, implying an intensive shearing 
(Fig. 49d). 

The last and key deposited feature observed in the body 
facies should be the presence of a spectacular flame-like 
structure. This structureconsists of an array of undulated 
shear bands with upward-pointing cusps, which was exposed 
on a cross-section of a lateral levee (Fig. 50). As the enlarged 
view in Fig. 50b indicated, fragmented marble matrix is 
interspersed with fragmented chlorite schist material, but 
their boundary is still sharp without intense mixing. Some 
clast aggregations with lenticle shapes are immersed in the 
fine-grained matrix (Fig. 50d). In addition, some small shear- 
induced flame bands with light orange colour is immersed in 
the pulverized marble facies, which is only several 
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centimetres thick and extends for about 2 m (Fig. 50e). Its 
appearance is intensively contorted and displays an 
irregularly undulated boundary, tapering off gradually 
towards the lateral margin. This is one of the important 
findings reached in this rock avalanche, which provides geo- 
logical evidences to reveal the formation mechanism of lat- 
eral levees. 


c) Basal facies 


Beneath the body facies, at rock avalanche deposits base is 
the basal facies, directly interacting with substrate (Fig. 51). 
This facies consists of the finest grains with millimetre-sized 
matrix compared with overlying deposit materials, implying 
more intensive fragmentation and pulverization due to signif- 
icant shearing under overburden. From the outcrops where 
the substrate is exposed, it can be seen that the contact 
between the basal facies and substrate is considerably sharp 
without obvious mixing. Principal shear bands at the bottom 
of the avalanche deposit, characterised by well continuous, 
relatively planar extension and traced for several hundred 
meters in outcrops, can be observed, forming a distinct 
boundary between the deposit and substrate. Typical shear 
bands rooted in the basal facies (Fig. 45c) occasionally can be 
observed and presents a light orange colour. Additionally, 
structures of clastic dikes and diapiric structures due to 
avalanche-substrate interaction can be observed in the basal 
facies (Fig. 51a). An irregular wedge of diapiric intrusion 
squeezed into the overlying basal facies and resulted in the 
deformation of adjacent materials (Fig. 51a). In this outcrop, 
pulverised avalanche material is mainly less than 2 cm and 
presents a layer-like texture that curved extremely to form 
convoluted laminations, making the diapiric structure like an 
asymmetric thrusting fold. However, the axial plane is oppo- 
site to the moving direction of the avalanche mass. Different 
from the basal facies, the underlying substrate mainly 
consists of pebbles and gravels ranging from 2 to 10 cm in 
size, which are much coarser than the avalanche basal facies 
materials (Fig. 51b). These pebbles present original sedimen- 
tary features, characterized by a compact distribution with 
oblique long axis and a good cemented status. 

In the basal facies, there is another interesting feature, 
which provides geological evidence for the role of liquefac- 
tion in rock avalanche propagation. There are some clastic 
dikes generated in an outcrop near the frontal area of the 
accumulation zone. These spectacular clastic dikes are related 
to substrate liquefaction at the accumulation zone (Fig. 52). 
In the exposures, these clastic dikes root from the substrate 
(Fig. 52) and extend vertically into the overlying rock ava- 
lanche deposit with the maximum height being up to 8 m and 
several centimetres to 2 m in width. They commonly display 
elongated wedge shapes and taper off from the bottom to top. 
In vertical, they display continuous extension without any 
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trace of being cut by the moving avalanche mass. In contrast, 
some subhorizontal shear bands within the avalanche deposit 
were separated and dislocated by the clastic dikes (Fig. 52d- 
g). These clastic dikes consist of fine grains that are mixtures 
of clays and sands with high circularity, and present relatively 
homogenous internal textures, suggesting a source of sub- 
strate. Diameters of gravels are 1—2 cm with the largest being 
up to 4 cm, and fine-grained sands replaced gravels with the 
height increasing. Furthermore, some clastic dikes exhibit 
well-organized internal structures indicating flow-like 
motion. For instance, a clastic dike that is 8 meters high and 
2.5 meters wide displays a series of upward arched lineations 
inclined at angles of 30 to 50° relative to both clastic dike 
walls (Fig. 52e). Due to fine grains aligned regularly within 
the dikes, a similar clastic dike comprising a series of oblique 
and repeated laminations that are in inclined contact with the 
dike walls at a high angle was also observed in another 
outcrop (Fig. 52f). The existence of the dikes indicates that 
liquefaction occurred in the substrate when the avalanche 


mass arrived. As indicated by the relationship between the 
avalanche mass and dikes, it can be deduced that the ava- 
lanche mass was dislocated by the dikes with the dikes not 
being disturbed. This indicates that the dikes should be 
generated during the final accumulation stage of the ava- 
lanche mass, rather than during the propagation process. 


5 Discussion 


Take the area of the Himalayan range in China as an studied 
area, the spatial distribution of rock avalanches in the studied 
area is conducted with the controlling factors on the genera- 
tion of rock avalanches being primarily analyzed. Further- 
more, several typical rock avalanches that occurred in the 
Tibetan Plateau, demonstrating excellent landforms and 
internal deposition features, are introduced in detail, hoping 
to provide more geological evidences insight on rock ava- 
lanche kinematics. With these studies, it can be reached that 
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Fig. 51 Diapiric structure in the basal facies (a) with enlarged view showing the contact form between the basal facies and substrate (b-c) 


active fault has a prominent role in the predetermining and 
occurrence of rock avalanches. Controlled by faults, the 
source areas of rock avalanches are commonly located on 
steep bedrock slopes with well-developed structures. The 
transition and accumulation zones are usually located on the 
rest fault wall with Quaternary deposits distributed along the 
travelling path. For the Quaternary deposits, they may be 
fine-grained fluvial materials, which can be classified as a 
relatively soft substrate like the Luanshibao and Nyixoi 
Chongco rock avalanches. Sometimes, they are composed 
of coarse-grained materials sourced from diluvial or 
fluvioglacial processes, which can be classified as a relatively 
hard substrate like at the Tagarma and Iymek rock 
avalanches. Through detailed studies on the deposited 
features of the four typical cases in the Tibet Plateau, similar 
landforms are observed in their transition zone, such as toreva 
blocks with steep frontal escarpments and longitudinal 
ridges. Different deposited features also can be observed 
along their accumulation zones due to variations in substrate 
conditions. 


As argued in previous studies (Andrade and van Wyk de 
Vries 2010; Thompson et al. 2010; Strom 2010; Johnson 
et al. 2012; Paguican et al. 2014; Longchamp et al. 2016; 
Wang et al. 2018, 2019a, b, 2020), toreva blocks are usually 
products of a rapid stretching process, which commonly 
distributes in the rear part of the transition zone, especially 
at the toe of the source area. Next to the distribution of toreva 
blocks, it is usually the distribution of longitudinal 
landforms, which is attributed to an extensional stress status 
in propagation with a sinistral or dextral shearing occurred 
along the lateral margins (Valderrama et al. 2016; Wang et al. 
2018). Through a comparison of the four cases, it can be 
reached that material conditions of the substrate have little 
influence on the generation of landforms in the 
transition zone. 

For the generation of transverse ridges, it is generally the 
products of compression in the deceleration process of ava- 
lanche masses (Nicoletti and Parise 1996; Shea and van Wyk 
de Vries 2008; Dufresne and Davies 2009; Ostermann et al. 
2012; Paguican et al. 2014; Yoshida 2014; Charriére et al. 
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Fig. 52 Outcrops (a, f) with enlarged views of typical clastic dikes (b-e, g) 


2016). For the occurrence of the rapid deceleration process, it Luanshibao and Nyixoi Chongco rock avalanches are both 
is resulted by the gradually slowing down of the slope of the less than 2°. Yoshida (2014) argued that gentler travelling 
travelling path. With the slowing down of the travelling path path can result in the reduction of down-sliding force and the 
slope, the basal friction will increase, which is disadvantage increase of basal friction, which is disadvantageous for the 
for the propagation of the avalanche mass. As described emplacement of avalanche masses. In the deceleration pro- 
above, slope angles of the accumulation zones of the cess, different emplacement forms should occur under the 
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influence of different substrate conditions. For the 
Luanshibao and Nyixoi Chongco rock avalanches with soft 
substrates, the increase of basal friction was relatively low 
and the avalanche masses still kept relatively high mobility. 
Lateral spreading increases obviously due to the low lateral 
resistance of a soft substrate. With the occurrence of lateral 
spreading, a series of small-scaled hummocks will be 
generated. And a relative thin sheet will form with its frontal 
leading edge usually being several meters only. Greatly dif- 
ferent from the Luanshibao and Nyixoi Chongco rock 
avalanches with soft substrates, the Tagarma and Iymek 
rock avalanches featured by hard substrates have steep and 
high frontal leading edges with the thickness being up to tens 
of meters. Meanwhile, the degree of lateral spreading is 
limited and there is almost no distribution of hummocks. 
Through a comparison of volume, it can be seen that the 
volume of the Tagarma rock avalanche is similar to that of 
the Luanshibao and Nyixoi Chongco rock avalanches, but 
they have different deposited features. This indicates that 
volume should not the key role for the difference of the 
deposited features of the rock avalanches with different 
substrates. A comparison of the landforms and internal 
deposited structures of these rock avalanches indicates that 
the detached mass generally displays a rapid extensional 
movement in the transition zone. In the accumulation zone, 
the avalanche should display a rapid deceleration process 
with intensive compression in the condition of a hard sub- 
strate. When the substrate is soft, the avalanche should dis- 
play a combination of longitudinal deceleration and lateral 
spreading in unconfined conditions. 

In addition to the differential movement of rock 
avalanches under different substrate conditions, a series of 
other sheared structures can be observed in rock avalanche 
deposits, such as jigsaw structures, preserved original stratig- 
raphy sequence, aligned distribution of clasts, etc. These are 
geological evidences of a laminar-like flow movement. Fur- 
thermore, geological evidences for the generation of lateral 
levees are observed in the Iymek rock avalanche, which 
indicates that the formation of lateral levees should be 
resulted from a lateral bulldozing process instead of a sorting 
process typical of granular flows. In the frontal area of the 
accumulation, the liquefaction phenomenon is also observed 
with the avalanche mass being dislocated, which indicated 
that the liquefied dikes should be generated at the final 
moment and have no contribution to the high mobility of 
the rock avalanche. 


6 Conclusion 
Rock avalanches, as one of the most threatening geological 


processes in mountainous regions, commonly cause tremen- 
dous threat to life. With this study, the sedimentary structures 
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of four typical rock avalanches are analyzed in detail with the 
following conclusions being reached. 


1. Through a comparison of different factors on the spatial 
distribution of rock avalanches in the Himalayas of China, 
we primary reached that the fault systems should be the 
most significant factor for their generation. For the 
non-glacial areas, the role of glacier should be the second 
factor, which intensively influences the stability of the 
bedrocks in the source areas. For the non-glacial areas, 
lithology should be the second key factor, which 
determines the slope steepness and, thus, its stability. 

2. In rock avalanche deposits, some features such as jigsaw 
structures, preserved original stratigraphy sequence, 
aligned distribution of clasts are commonly developed, 
indicating a low disturbance of the avalanche mass in 
propagation. Hence, it is proposed that the propagation 
of rock avalanches should be a rapid motion similar to a 
laminar flow. 

3. After detaching from the source area, the rock avalanche 
mass exhibits an extension-dominated sliding process in 
the transition zone. When it arrives at the accumulation 
zone, it fails into a compression-dominated sliding pro- 
cess. If the substrate is composed of soft material like 
water-rich fluvial deposits, a rapid radial spreading pro- 
cess will appear in unconfined conditions at the frontal 
edge due to the rapid decrease of basal friction with a 
relatively thin deposited sheet being formed. If the sub- 
strate is composed of hard material liking dry diluvial or 
fluvioglacial deposits, the moving mass will display a 
steep and thick leading edge due to a high increase of 
basal friction before motion halts. 

4. The finding of the rolling flame structures within the 
raised lateral levees of the Iymek rock avalanche is the 
helpful geological evidence for the exploration of the 
formation mechanisms of lateral levee. With this evi- 
dence, it is reached that the formation of the lateral levees 
is associated with a lateral bulldozing movement of the 
avalanche mass instead of a complex mechanism related 
to grain self-segregation. In this process, the rear materials 
continuously push and plough the front decelerated 
materials aside, resulting in the formation of these outward 
extended flame-like shear bands. 

5. The appearance of the clastic dikes in the Iymek rock 
avalanche suggests that the occurrence of substrate lique- 
faction should be caused by the high-energy shearing 
during emplacement. But, the localized liquefaction of 
the substrate is not a contributor for the high mobility of 
the Iymek rock avalanche. It is only a product of the strong 
interaction between the sliding mass and the substrate 
during the final accumulated stage. 
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Landslide Susceptibility Zonation Using GIS-Based 
Frequency Ratio Approach in the Kulon Progo 
Mountains Area, Indonesia 


Egy Erzagian, Wahyu Wilopo, and Teuku Faisal Fathani 


Abstract 


Landslides cause many casualties, environmental damage, 
property losses, and psychological impacts. Landslides 
frequently occur in the Kulon Progo Mountains area of 
Indonesia and are especially triggered by high-intensity 
rainfall between November and March. Research on land- 
slide susceptibility in the Kulon Progo Mountains area can 
be a relevant tool to prevent or reduce the risk of landslide 
potential. Therefore, this research aims to develop a land- 
slide susceptibility map using the frequency ratio 
(FR) method. Controlling factors, namely, elevation, 
slope, aspect, lithology, lineament density, distance from 
streams, distance from roads, land use, and rainfall, were 
combined with landslide data to develop a landslide sus- 
ceptibility map by GIS software. Seven hundred and forty- 
four landslide data points were acquired from field 
surveys, Google Earth image interpretation, and the 
Regional Disaster Management Agency (BPBD) of the 
Kulon Progo, Purworejo, and Magelang regencies. Land- 
slide data were randomly selected for map modeling 
(80%) and validation (20%). The FR analysis shows that 
the research area can be classified into four landslide 
susceptibility zones based on the LSI value: low (LST 
4.05-7.85), moderate (LSI 7.86-9.85), high (LSI 
9.86-12.81), and very high (LST 12.82-19.46). The land- 
slide susceptibility map was validated using the area under 
the curve (AUC) method, resulting in a success rate of 
80.1% and a predictive rate of 81.3%. 
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1 Introduction 


The Kulon Progo Mountains form a mountainous area in the 
southern part of Java Island, Indonesia. Tectonic processes 
and volcanic activities that formed the Kulon Progo 
Mountains area have occurred from the Tertiary to the Qua- 
ternary (Widagdo et al. 2018a, b). The Kulon Progo 
Mountains are generally composed of weathered and altered 
volcanic rocks that form a thick layer of soil with clay 
minerals. This weathered rock and thick soil layer is prone 
to landslides (Fookes et al. 2005). 

Landslides are generally controlled by several factors, 
such as slope, lithology, geological structure, hydrological 
conditions, land use, and rainfall (Skilodimou et al. 2018; 
Conforti and Ietto 2020; Mersha and Meten 2020). Landslide 
activity in the Kulon Progo Mountains increases yearly, 
especially the activity triggered by high-intensity rainfall, 
for example, the Cempaka tropical cyclone in 2017-2018. 
The Regional Disaster Management Agency reported 
744 landslide events in the period of 2015-2020. Landslides 
in the Kulon Progo Mountains area have caused numerous 
casualties, environmental damage, property losses, and psy- 
chological impacts. Therefore, landslide susceptibility maps 
of the Kulon Progo Mountains provide an important tool to 
prevent or reduce landslide risk. In addition, landslide sus- 
ceptibility maps can be used by decision-makers for land use 
planning, landslide prevention, monitoring, and mitigation 
actions. 

The purpose of this research is to develop a landslide 
susceptibility map. This research uses data on the distribution 
of landslide occurrence points and factors controlling 
landslides, such as elevation, slope, aspect, lithology, linea- 
ment density, distance from streams, distance from roads, 
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land use, and rainfall, to identify the landslide susceptibility 
zones. 


2 Research Area 


The research area is the Kulon Progo Mountains, which were 
geomorphologically formed as a Tertiary volcanic product 
(Widagdo et al. , b). This area includes two provinces: 
the Special Region of Yogyakarta and Central Java. It 
consists of 3 regencies, namely, Kulon Progo, Purworejo, 
and Magelang, and 12 subdistricts, which are Bagelen, 
Bener, Borobudur, Girimulyo, Kalibawang, Kaligesing, 
Kokap, Loano, Pengasih, Purworejo, Salaman, and 
Samigaluh (Fig. 1). The area is geographically located from 
110°02’11.14“E to 110°16°02.30”E and 7°33'01.16“S to 7° 
52°08.02”S and covers an area of approximately 533.43 km?. 
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The area has elevations between 19 and 976 masl. The 
morphology comprises a steeply sloping area with a height of 
up to 976 masl, a moderately sloping area with a lower 
elevation, and a gently sloping area with a low elevation. In 
the area, streams have flow directions of NW-SE on the west 
slope, SE-NW on the east slope, SW—NE on the north slope, 
and NE-SW on the south slope. The area is regionally com- 
posed of Tertiary—Quaternary volcanic and intrusive rocks, 
especially the Kebo-Butak Formation and andesite intrusion. 
The stratigraphy of the Kulon Progo Mountains area from 
oldest to youngest (Rahardjo et al. ) is as follows: 


1. The Nanggulan Formation (Teon), the oldest rock forma- 
tion, consists of sandstones with intercalations of lignite, 
sandy marl, claystone with limonite concretions, 
intercalations of marl and limestone, sandstone, and tuff. 
The formation age is Eocene—Oligocene. 
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Fig. 1 (a) Map of Indonesia; (b) map of Java Island; and (c) research area 


Landslide Susceptibility Zonation Using GIS-Based Frequency Ratio Approach in the. .. 


2. The Kebo-Butak Formation (Tmok) is unconformably 
deposited above the Nanggulan Formation. This forma- 
tion consists of andesitic breccia, tuff, lapilli tuff, 
agglomerates, and intercalations of andesitic lava flows. 
The formation age is Oligocene—Miocene. 

3. Intrusive rocks break through to the bottom of the Kebo- 
Butak Formation. The intrusive rocks consist of an andes- 
ite intrusion (a) and a dacite intrusion (da). The rock age is 
Miocene. 

4. The Jonggrangan Formation (Tmj) is unconformably 
deposited above the Kebo-Butak Formation. This forma- 
tion is exposed in the middle of the Kulon Progo 
Mountains. It consists of conglomerate, tuffaceous marl, 
carbonate sandstone, and claystone with lignite at the 
bottom, while layered limestone and coral limestone 
make up the top. The formation age is early Miocene— 
middle Miocene. 

5. The Sentolo Formation (Tmps) is conformally deposited 
and has an interfingering contact with the Jonggrangan 
Formation. This formation consists of limestone and marl 
sandstone. The formation age is middle Miocene— 
Pliocene. 

6. Young volcanic deposits of Merapi Volcano (Qmi) are 
unconformably deposited above the Sentolo Formation. 
This formation comprises undifferentiated tuff, ash, brec- 
cia, agglomerate, and lava flows. The formation age is the 
Pleistocene. 

7. The alluvium and colluvium (Qa) consist of gravel, sand, 
silt, and clay along large rivers and coastal plains. The 
colluvium (Qc) consists of unsorted debris from the Kebo- 
Butak Formation. 


3 Methodology 


Landslides may reoccur under similar circumstances as pre- 
vious landslides, so it is necessary to identify potential 
landslides by determining the factors that control them (Lee 
and Talib 2005). The analysis of the landslide susceptibility 
map is carried out using the frequency ratio (FR) method and 
the overlay process using GIS. The FR method is one of the 
statistical methods used in mapping landslide susceptibility 
using two variables (Mersha and Meten 2020). In this study, 
80% of landslide occurrence points are used to analyze land- 
slide susceptibility maps, while 20% are used for validation. 

The landslide susceptibility map used in the frequency 
ratio method is based on the relationship between the land- 
slide distribution and each controlling factor. The landslide- 
controlling factors in this study are elevation, slope, aspect, 
lithology, lineament density, distance from streams, distance 
from roads, land use, and rainfall. Each landslide-controlling 
factor is classified into several categories and then integrated 
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with the distribution of landslide occurrence points. The FR 
for each category is obtained through statistical calculations, 
as shown in Eq. | (Tazik et al. 2014). 

The FR map for each landslide-controlling factor is 
processed using GIS tools by setting the FR value. The 
calculated FR value shows the correlation degree between 
landslides and certain factor classes (Rasyid et al. 2016; 
Mersha and Meten 2020). An FR value equal to 1 is the 
average value for the occurrence of movement for a specific 
factor. FR > 1 indicates a high potential for landslides, while 
FR < 1 indicates a low potential. 


(1) 


where. 


FR: Frequency ratio of each class for a certain factor (i) 
D;: Number of landslide points for a certain factor (i) 
A;: Area of a class for a certain factor (i) 

N: Number of factors 


The overlay process combines several maps of landslide- 
controlling factors. All the FR values on each controlling 
factor map are summed to derive the landslide susceptibility 
index (LSJ) value, as shown in Eq. 2 (Tazik et al. 2014). 


LSI = FR, + FR, + FR3+...+ FRy (2) 

Using the Jenks natural breaks method, the landslide sus- 
ceptibility map is classified based on the LSI value. The Jenks 
natural breaks method produces a map that can be interpreted 
by showing the spatial probability of future landslides rang- 
ing from very low to very high landslide susceptibility 
(Aditian et al. 2018). 

The landslide susceptibility map validation is carried out 
using the area under the curve (AUC) method by making 
both success and predictive rate curves (Lee and Talib 2005; 
Mersha and Meten 2020). The success rate on the AUC 
indicates the accuracy and quality of the resulting map devel- 
oped based on modeling data, while the AUC prediction rate 
explains the capacity of the suggested map to predict the 
landslide susceptibility (Yalcin and Bulut 2007). 


4 Dataset and Analysis 


The collected data in this study consist of the distribution of 
landslide events and controlling factors processed using GIS. 
Nine landslide factors, including elevation, slope, aspect, 
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Table 1 Research dataset 


Data Data Source 
Digital elevation 
model (DEM) Indonesia 2023) 


Geological map 


Geological 
structure map 


Road distribution 
Land use map 
Rainfall data 


(Rahardjo et al. 1995; Widagdo et al. 2018a, b) 


DEMNAS with 8.23 m x 8.23 m grid resolution (Geospatial Information Agency of 


Geological map of the Yogyakarta Sheet, Java, the scale of 1:100,000 (Rahardjo et al. 1995) 
Lineament’s interpretation and geological structure maps of the Kulon Progo mountains area 


Road map scale of 1:25,000 (Geospatial Information Agency of Indonesia (2015—2019)) 
Land use map scale of 1:25,000 (Geospatial Information Agency of Indonesia (2015—2019)) 
Rainfall data reported in the 201 1—2020 period for each regency (Central Bureau of Statistics 
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Usage 
Elevation, slope, aspect, 
stream, lineament 


Lithology and lineament 
Lineament 


Road 
Land use 
Rainfall 


of Kulon Progo 2021; Central Bureau of Statistics of Purworejo 2021; Central Bureau of 


Statistics of Magelang 2021) 
Landslide database 
agency) 


Satellite imagery Google earth satellite imagery 


lithology, lineament density, distance from streams, distance 
from roads, land use, and rainfall, are used in this research. 
Table 1 shows the data sources used to analyze landslide 
susceptibility maps. 

Landslide events are verified and added via Google Earth 
satellite image interpretation (Fig. 2). Rotational and transla- 
tional slides are the dominant types of landslides. The num- 
ber of landslides in the research area is 744 points, where 
595 points (80% of the total landslide events) are used as 
modeling data to prepare landslide susceptibility maps and 
149 points (20% of the total landslide events) are used to 
validate the landslide susceptibility map. Landslide events for 
modeling and validation are randomly selected. 

An elevation, a part of morphology, is formed by a com- 
bination of tectonic activity, erosion-weathering processes, 
and climatic effects (Ilia and Tsangaratos 2016). Elevations 
contribute indirectly to landslide events. The elevation map 
(Fig. 3a) was generated from DEM analysis and divided into 
five classes, i.e., 0-200 masl, 201-400 masl, 401—600 masl, 
601-800 masl, and 801—1000 masl. 

An aspect indicates the slope’s direction and affects the 
slope’s exposure to sunlight, wind direction, degree of satu- 
ration, and discontinuity conditions (Psomiadis et al. 2020; 
Mersha and Meten 2020). The aspect map (Fig. 3b) is 
generated from DEM data and divided into ten classes, i.e., 


flat (—1), north (0-22.5), northeast (22.5-67.5), east 
(67.5—112.5), southeast (112.5-157.5), south 
(157.5—202.5), southwest (202.5—247.5), west 
(247.5—292.5), northwest (292.5-337.5), and north 


(337.5—360). 

A slope, as a geomorphological component, significantly 
contributes to landslides. The potential increases due to the 
greater driving force on steep slope conditions. The slope 
data are obtained from digital elevation model (DEM) analy- 
sis with an 8.23 x 8.23 m grid resolution. The slope map from 


Rotational landslide event summary data from each regency (regional disaster management 


Landslide events 


Landslide events 


the DEM analysis is divided into four slope categories, i.e., 
0°-15°, 16°—25°, 26°-35°, and 36°-57°, as shown in Fig. 3c. 

Landslides commonly occur on slopes composed of 
weathered rock and residual soil with a thick layer and 
contain clay minerals (Fookes et al. 2005). Lithological data 
are obtained from the Geological Map of the Yogyakarta 
Sheet (Rahardjo et al. 1995). The lithologic map is divided 
into seven units based on rock formations, i.e., the Nanggulan 
Formation, Kebo-Butak Formation, intrusive rocks, 
Jonggrangan Formation, Sentolo Formation, young volcanic 
deposits of Merapi, and alluvium—colluvium deposits, as 
shown in Fig. 3d. The field survey shows that almost all the 
rocks are weathered and intrusive rocks. This is probably due 
to the dense geological structures that speed up the 
weathering process. 

Lineaments generally indicate fractures, discontinuities, 
and shear zones that can contribute to landslides (Sarkar 
and Kanungo 2004). The lineament data are obtained from 
digital elevation model (DEM) analysis by considering sec- 
ondary data, including geological maps developed by previ- 
ous researchers, lineament interpretation, and geological 
structure maps. The lineament density is analyzed using the 
kernel density function in GIS. The lineament density map of 
the geological structure is classified into four categories, i.e., 
0.31-1.45 km/km’, 1.46-2.05 km/km, 2.06-2.55 km/km, 
and 2.56-3.58 km/km? (Fig. 3e). 

The distance from streams is one of the factors that can 
indicate landslides and associated erosion processes to 
describe slope changes. The distance from streams is 
generated using the buffering function in GIS analysis. 
Stream data are obtained from watershed analysis using a 
DEM with a 200 x 200 m threshold and verified by the 1: 
25,000 scale topographic map. The distance from streams 
map (Fig. 3f) is categorized into four categories, i.e., <100 
meters, 100-200 meters, 200—400 meters, and > 400 meters. 
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Fig. 2 (a) Landslide event 
distribution map; (b) verification 410000 
based on Google Earth image 
interpretation 
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Fig. 3 Landslide-controlling factor maps: (a) elevation; (b) slope; (c) aspect; (d) lithology; (e) lineament density; (f) distance from streams; (g) 
distance from roads; (h) land use, and (i) rainfall 
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Road construction is closely related to vegetation removal 
and excavation, which can form steep slopes (Psomiadis et al. 
2020). The road network in the study area, which consists of 
main roads and local roads, is one of the factors that can 
affect landslides. The road distance map (Fig. 3g) was devel- 
oped from the buffer zone of the road network without 
including footpaths and divided into five classes, namely 
0-50 m, 51—100 m, 101—200 m, 201-300 m, and > 300 m. 

Land use has significant control over erosion and deposi- 
tion. Land use, such as vegetation or plant residues, can 
withstand raindrops, increase infiltration, reduce runoff 
velocity, and increase water flow capacity (Akgün and Türk 
2011). Land use with sparse vegetation generally shows 
faster erosion and slope conditions prone to landslides 
(Yalcin and Bulut 2007). The land use map (Fig. 3h) is 
classified into six land use types, i.e., settlements, paddy 
fields, dry fields, plantations, bushes, and reeds. Land use 
types are digitized from the 1:25,000 scale topographic map. 

Rainfall intensity is one of the major triggers for landslides 
that can directly impact settlements (Haque et al. 2019). 
Prolonged and high-intensity rainfall generally triggers 
landslides because it can increase hydrostatic and pore 
water pressure below the surface. Rainfall data are obtained 
from rainfall data reports from the Kulon Progo, Purworejo, 
and Magelang regencies in the 2011-2020 period. Landslide 
occurrence distribution data are obtained from the Regional 
Disaster Management Agency (BPBD) of each regency. The 
rainfall data that were used have a longer period than the 
available landslide data. More accurate results can be 
obtained with a longer period of hydrological data. The 
annual rainfall intensity data for 10 years (2010-2019) are 
obtained from 12 nearby rainfall stations. The annual rainfall 
average value is 2409 mm/year, with a range of data of 
1786-3021 mm/year. The rainfall map is analyzed using 
GIS interpolation with the kriging method based on the 
average annual rainfall data of each station. The rainfall 
map (Fig. 3i) is divided into five categories, i.e., 
<2000 mm/year, 2000-2200 mm/year, 2200-2400 mm/ 
year, 2400-2600 mm/year, and > 2600 mm/year. 


5 Result & Discussion 


The results of the FR calculation show that the landslide 
susceptibility level is higher as the degree of the slope 
increases. The landslide-controlling factor, with FR > 1, 
mainly shows a high frequency of landslides, while FR <1 
shows a lower frequency. The 801—1000 masl elevation has 
the highest FR value, significantly influencing landslide 
events, while the lowest FR value is the 0-200 masl eleva- 
tion. The slope with angles of >15° has a significant contri- 
bution to landslides. The highest FR value for the slope factor 
is the slope with angles of 36°-57°, while the lowest is in the 


slope with angles of 0°-15°. In terms of aspect, the FR value 
of the north class (0-22.5) has the highest FR value, followed 
by north (337.5—360) and northeast (22.5—67.5). The lowest 
FR value for aspect is the flat category (—1). 

In terms of lithology, Kebo-Butak Formation causes sig- 
nificant landslides in the research area, followed by intrusive 
rocks (andesite and dacite), the Jonggrangan Formation, and 
Nanggulan Formation. Kebo-Butak Formation generally 
undergoes weathering and alteration to form a thick layer of 
soil and is prone to landslides. A low number of landslide 
occurrences is found in alluvium deposits, colluvium 
deposits, the young volcanic deposits of Merapi Volcano, 
and the Sentolo Formation. The lineament density of 
2.56-3.58 km/km? has the highest FR value and greatly 
contributes to landslides. A lineament is a weak plane that 
can indicate geological structures (such as joints and faults) 
or cracks, accelerate the weathering process, and allow water 
to infiltrate the slope. In general, the number of landslides 
increases as the lineament density increases. For the distance 
from streams, a distance from the river of >400 m signifi- 
cantly contributes to landslides, while a distance from the 
river of <100 m has a minor contribution. This result shows 
that the stream does not significantly control landslide 
occurrences. 

For land use, frequent landslides are usually influenced by 
reeds, bushes, and dry fields. Areas with reeds, bushes, and 
dry fields usually have sparse vegetation, and consequently, 
erosion occurs more quickly, and the areas are thus prone to 
landslides. The results of the FR calculation show that the 
frequency of landslides increases as the intensity of rainfall 
increases. A rainfall of 2200-2400 mm/year significantly 
contributes to landslides. 

The LSI values are arranged as LSI maps and classified 
into ten categories to determine the FR validation. The FR 
values for each landslide-controlling factor are summed and 
overlaid in GIS processing to produce the LSZ value. The LSI 
value calculated through this analysis can describe the level 
of landslide susceptibility. The LSZ value has a range of 
4.05-19.46. 

Using the Jenks natural breaks method, the reclassification 
of LSI values produces four landslide susceptibility zones. 
This method is a standard method that is commonly used and 
has a high level of reliability (North 2009). The four landslide 
susceptibility zones in the research area are low (LSI 
4.05-7.85), moderate (LSI 7.86-9.85), high (LSI 
9.86-12.81), and very high (LSI 12.82-19.46). 


(a) The low landslide susceptibility zone (LSI 4.05-7.85) 
has an area of approximately 172.51 km? (32,34% of the 
total area). This zone is on a plain and sloping area 
adjacent to the Kulon Progo Mountains. The total num- 
ber of landslides in this zone is 28 points; therefore, the 
landslide density is 0.162 per km’. 
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Fig. 4 Landslide susceptibility 
map of the research area 
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The moderate landslide susceptibility zone (LSI 
7.86-9.85) has an area of 219.39 km° (41.13% of the 
total area). The total number of landslides in this zone is 
163 points. The landslide density in this zone is 0.742 
per km’. In general, an intermediate landslide suscepti- 
bility zone can be found in almost all areas of the Kulon 
Progo Mountains, especially in the Girimulyo, Kokap, 
Loano, and Bagelen areas. 

The high landslide susceptibility zone (LST 9.86—12.81) 
has an area of 118.94 km? (22.30% of the total area). 
This zone can be found in almost all areas of the Kulon 
Progo Mountains and is mainly concentrated in the 
Kokap, Kaligesing, Samigaluh, Kalibawang, Salaman, 
and Borobudur subdistricts. The total number of 
landslides in these areas is the highest, with 
396 landslides, resulting in a density of 3.32 per km’. 
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The very high landslide susceptibility zone (LSI 
12.82-19.46) has an area of 22.59 km? (4.23% of the total 
area). The total number of landslides in this zone is 207, with 
a density of 6.90 per km”. Most of the hills with steep slopes 
comprise this zone, mainly concentrated in Samigaluh, 
Bener, Salaman, and Borobudur subdistricts (Fig. 4 and 
Table 2). 

Elevation, slope, aspect, lineament density, and rainfall 
significantly contribute to the high and very high susceptibil- 
ity zones. In addition, the high and very high susceptibility 
zones are also located mainly in weathered intrusive rocks 
and bushes. Most of the landslides occurred in the high 
susceptibility zone; however, the densest landslides occurred 
in the very high-susceptibility zone. The AUC method was 
used to validate the success and prediction rates of the land- 
slide susceptibility map. Figure 5 shows the graphic of the 
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Table 2 Classes and the FR calculation for each landslide-controlling factor 


Factor Class A; (km?) YA; (km?) D; YD; FR 
Elevation 0-200 masl 120.11 533.43 89 595 0.66 
201—400 masl 212.14 211 0.89 
401—600 masl 123.62 174 1.26 
601-800 masl 68.45 121 1.58 
801-1000 masl 9.11 38 3.74 
Slope 0°-15° 213.9 533.43 0 595 0.00 
16°-25° 217.32 210 0.87 
26°-35° 93.41 314 3.01 
36°-57° 9.07 71 7.02 
Aspect F (-1) 11.48 533.43 4 595 0.31 
N (022.5) 30.85 70 2.03 
NE (22.5-67.5) 65.74 106 1.45 
E (67.5—112.5) 60.18 89 1.33 
SE (112.5-157.5) 64.63 63 0.87 
S (157.5-202.5) 75.51 62 0.74 
SW (202.5-247.5) 74.69 57 0.68 
W (247.5-292.5) 60.98 43 0.63 
NW (292.5-337.5) 60.81 50 0.74 
N (337.5-360) 28.56 51 1.60 
Lithology Alluvium and colluvium 19.72 533.43 5 595 0.23 
Young volcanic deposits of Merapi 7.84 1 0.11 
Sentolo formation 9.66 1 0.09 
Jonggrangan formation 25.30 20 0.71 
Intrusive rocks 155.11 177 1.02 
Kebo-Butak formation 311.88 390 1.12 
Nanggulan formation 3.92 1 0.23 
Lineament density 0.31-1.45 km/km? 65.18 533.43 28 595 0.39 
1.46-2.05 km/km? 152.4 126 0.74 
2.06-2.55 km/km? 219.01 187 0.77 
2.56-3.58 km/km” 96.84 253 2.36 
Distance from streams <100 meter 129.38 533.43 110 595 0.76 
100-200 meter 120.86 127 0.94 
200—400 meter 188.35 212 1.01 
>400 meter 94.84 146 1.38 
Distance from roads 0-50 meter 108.29 533.43 129 595 1.07 
51—100 meter 84.6 73 0.77 
101-200 meter 117.9 104 0.79 
201-300 meter 71.24 76 0.96 
>300 meter 151.4 130 0.77 
Land use Settlements 54.34 533.43 26 595 0.43 
Paddy fields 36.83 12 0.29 
Dry fields 91.93 167 1.63 
Plantations 311.41 321 0.92 
Bushes 37.64 67 1.60 
Reeds 1.28 3 2.10 
Rainfall <2000 mm/year 27.53 533.43 24 595 0.78 
2000-2200 mm/year 75.69 79 0.94 
2200-2400 mm/year 118.04 182 1.38 
2400-2600 mm/year 234.35 242 0.93 


>2600 mm/year 77.82 68 0.78 
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success and predictive rate curves, with the cumulative per- of the area under the curve. As a result, the success rate of the 
centage of landslides on the x-axis and the cumulative per- landslide susceptibility map is 80.1%, and the prediction rate 
centage of map area on the y-axis. The validation value of the is 81.30%. The validation values show very good results. 
landslide susceptibility map is obtained from the calculation This result is better than the previous research (Erzagian 
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et al. 2023), which only had a success rate of 76.62% and a 
prediction rate of 75.34% using six controlling factor 
parameters. Development of landslide susceptibility map 
using more parameters will increase the accuracy of the map. 


6 Conclusion 


Landslide susceptibility mapping using the FR method in the 
Kulon Progo Mountains area, Indonesia, resulted in four 
landslide susceptibility zones, i.e., low, moderate, high, and 
very high. A high elevation, north-facing aspect, steep slope, 
high lineament density, and high rainfall intensity signifi- 
cantly control the high-susceptibility zones. More than half 
of the study area has high- and very high-susceptibility zones 
in the weathered intrusive rock unit and bushes. Very high 
landslide susceptibility zones can be found in the Kaligesing, 
Girimulyo, Samigaluh, Kalibawang, Bener, Salaman, and 
Borobudur subdistricts. The landslide susceptibility map 
developed with the FR method has a success rate of 80.1% 
and a prediction rate of 81.30%, which can be categorized as 
a good result. The landslide susceptibility map can be used as 
basic information for land use planning and mitigation by the 
local government. 
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Abstract 


In this work, the HIgh REsolution Slope Stability Simula- 
tor (HIRESSS) model was applied to predict the occur- 
rence of shallow landslides on a regional scale. HIRESSS 
is a physically based distributed slope stability simulator 
for analyzing the occurrence of shallow landslides during 
a rainfall event. The modeling software consists of two 
parts: hydrological and a geotechnical. The hydrological 
model is based on an analytical solution of an 
approximated form of the Richards equation, while the 
geotechnical stability model is based on an infinite slope 
model that accounts for unsaturated soil conditions. The 
model was applied in the Aosta Valley region, located in 
the northwest of the Alpine chain. The Aosta Valley is 
highly susceptible to landslides, especially shallow, rapid 
landslides and rockfalls. The geotechnical and hydrologi- 
cal characteristics of the slopes were recorded in two field 
measurement campaigns at 12 measurement points. To 
account for the effects of vegetation on landslides the 
soil reinforcement due to the presence of roots was also 
taken into account. The model was applied in back analy- 
sis for an event that affected the Aosta Valley in 2009, 
triggering several fast shallow landslides. In this work the 
model setup and the validation of the model outcomes are 
described. 
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1 Introduction 


Shallow landslides are often harbingers of an impending 
major debris flow. They usually begin as shallow mass 
movements, involving only a few tens of cubic meters of 
terrain, but can develop into rapid mass movements that take 
on characteristics of debris flows and avalanches (Masi et al. 
2023). Shallow landslides are triggered by intense rainfall, 
and multiple and diffuse landslides are often triggered in the 
region affected by the rainfall. 

There are two approaches for predicting shallow 
landslides at the regional scale: (a) the use of precipitation 
thresholds based on statistical analysis of rainfall and 
landslides, and (b) the use of physically based deterministic 
models (Salvatici et al. 2018). The first category of models is 
based on a statistical approach by searching for functional 
relationships between triggering factors (such as precipitation 
intensity/duration) and actual events in a given area to define 
warning thresholds. The second category includes the physi- 
cally based approaches that combine hydrological models 
and slope stability analysis to predict hazard areas. The 
stability model is usually based on the infinite slope model. 
Soil moisture dynamics are usually based on a modified 
version of the steady-state wetness index (Arnone et al. 
2011) or an approximation of the Richards equation (Baum 
et al. 2002; Simoni et al. 2008). Such models typically 
provide slope stability assessments based on the factor of 
safety (FS) (e.g., Baum et al. 2002). While the former 
approach is currently used primarily at the regional scale 
(Aleotti 2004; Martelloni et al. 2012; Lagomarsino et al. 
2013), the latter approach is more commonly applied at the 
slope or catchment scale (Pack et al. 2001; Baum et al. 2002, 
2010; Lu and Godt 2008; Simoni et al. 2008; Arnone et al. 
2011; Salciarini et al. 2017; Park et al. 2013; Rossi et al. 
2013). The insufficient knowledge of the spatial distribution 
of hydrological and geotechnical parameters caused by the 
extreme heterogeneity and inherent variability of the soil at 
large scales (Tofani et al. 2017) means that the application of 
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physically based models is generally avoided at regional 
scales. Conversely, physically based models allow spatial 
and temporal prediction of landslide occurrence with high 
accuracy, producing accurate hazard maps that can aid in 
landslide risk assessment and management (Salvatici et al. 
2018). 

Insufficient knowledge of the spatial distribution of hydro- 
logical and geotechnical parameters caused by the extreme 
heterogeneity and inherent variability of soil properties at 
large scales hinders the application of physically based 
models at regional scales. 

The uncertainty related to hydrological and geotechnical 
parameters (such as cohesion, internal friction angle, and 
hydraulic conductivity) can be overcome using a probabilis- 
tic approach, supported by the combined use of Monte Carlo 
simulations. In this case, the output is a distributed probabil- 
ity of failure, i.e., the probability of having the factor of safety 
below a defined threshold (usually one). 

The interpretation of the results is already problematic, 
since a calibration and validation procedure must be taken 
into account to define the value of the failure probability for 
distinguishing between stable and unstable pixels and, in 
view of possible application purposes, to transform the prob- 
abilistic results into warnings related to larger spatial units 
(e.g., catchments or warning zones). In order to provide 
reliable results to stakeholders involved in hazard manage- 
ment, it might be advisable to reaggregate across spatial units 
(e.g., catchments, slope units, and municipalities) and tempo- 
ral units-a strategy followed by much work focused on oper- 
ational applications of slope stability models. In particular, 
for spatial aggregation of probabilistic results, a calibration 
procedure must be performed to define how many pixels 
(over a value of failure probability to be defined) are required 
to consider a spatial unit unstable. 

In this work, we apply the physically based HIRESSS 
(HIgh REsolution Slope Stability Simulator) model (Rossi 
et al. 2013) in the eastern portion of the Aosta Valley region 
(Italy), in order to test the capacity of the model to forecast 
the occurrence of shallow landslides at the regional scale. In 
particular, the HIRESSS code will be tested in back-analysis, 
modelling a rainfall event that has occurred in 2009 and that 
triggered several shallow landslides in the study area. The 
specific objectives of the study are: (i) model set-up, 
(ii) analysis and validation of the model outcome. 


2 HIRESSS Model and Study Are a 


2.1 HIRESSS Model 


The HIRESSS model (Rossi et al. 2013) is composed of two 
different modules—hydrological and geotechnical. The 
hydrological model receives the rainfall data as dynamical 
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input and provides the pressure head as a perturbation to the 
geotechnical model, that provides results in terms of failure 
probabilities. The structure of the software is inspired by the 
work of Iverson (Iverson 2000) also used in the TRIGRS 
software. The hydrological model is based on an analytical 
solution of an approximated form of Richards equation under 
the wet condition hypothesis, and it is introduced as a 
modelled form of hydraulic diffusivity. The geotechnical 
model is based on an infinite slope model that considers the 
unsaturated conditions. During the stability analysis, the pro- 
posed model considers the increase in strength and cohesion 
due to matric suction in unsaturated soil due to negative 
pressure head. Moreover, the soil mass variation on partially 
saturated soil caused by the water infiltration is modelled. 
The model then provides for Monte Carlo simulations to 
manage the typical geotechnical parameters uncertainty. 
The Monte Carlo simulation manages a probability distribu- 
tion of the input parameter, and the ending results of the 
simulator are slope failure probabilities. Applications of 
HIRESSS in different geological-geomorphological contexts 
and soil typologies have been presented in Rossi et al. 2013; 
Tofani et al. 2017; Salvatici et al. 2018; Cuomo et al. 2021. 

The HIRESSS model needs the following spatially 
distributed input data: slope gradient, effective cohesion, 
root cohesion, friction angle, dry unit weight, soil thickness, 
hydraulic conductivity, initial soil saturation, soil water reten- 
tion curves, and rainfall intensity. 

HIRESSS considers the effect of the root reinforcement to 
the stability of slopes. The root reinforcement was modelled 
as a component of the total cohesion of soil (e.g., Operstein 
and Frydman 2000; Giadrossich et al. 2010). Original FS 
(factor of safety) equations (Rossi et al. 2013) were modified 
considering the root reinforcement (Masi et al. 2023). 

The HIRESSS model has several features that make it 
suitable for landslide prediction at regional scale and an 
important tool for early warning such as (i) the capability of 
computing the factor of safety at each time step and not only 
at the end of the rainfall event; (ii) the variable-depth compu- 
tation of slope stability; (iii) high processing speed even for 
extensive area analysis; (iv) high spatial and temporal 
resolution. 


2.2 Study Area 

The Valle d’Aosta region (3200 km?) is part of the alpine 
chain, passing through the principal Europe-vergent 
Austroalpine-Penninic structural domain of the Western 
Alps. The geomorphology of the study area is characterized 
by steep slopes and valleys shaped by glaciers. The glacial 
modelling is shown in the U-shape of the Lys and Ayas 
valleys, and the erosive depositional forms found in the 
Ayas Valley. The three valleys’ watercourses, the Lys 
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Creek, the Evangon Creek, and the Dora Baltea River, 
contributed to the glacial deposits modelling with the forma- 
tion of alluvial fans. 

The region is very prone to landslides due to the high 
steepness of slopes and abundant mean annual precipitation 
(800-900 mm/y during the decade 2000-2009): rockfalls, 
deep-seated gravitational slope deformations, rocks 
avalanches, debris avalanches, debris flows, and debris slides 
are the main mass movements to which the area is subjected. 

As typical in alpine valleys, the study area has a preva- 
lence of highly vegetated areas, while human settlement 
distribution is located at the valley bottom. The land cover 
is prevalently represented by forest, natural grassland, and 
rocky outcrops with little or no vegetation (Fig. 1). 

The HIRESSS model has been tested in a portion of the 
Valle d’ Aosta region, the eastern part called “alert zone B” by 
the regional civil protection authorities. The area is 
characterized by three main valleys: Champorcher Valley, 
Gressoney or Lys Valley, and Ayas Valley. The first is 
located on the right side of the Dora Bal- tea catchment and 
represents the southern part of the study area. The second and 
third valleys show a north-south orientation and are 
delimited to the north by Monte Rosa Massif (4527 m a.s.1.) 
and to south by the Dora Baltea River. 

This area has been affected in 2009 by an intense rainfall 
event. In particular between the 26 and the 28 of April 2009 
highly intense rainfall and snowfall had fallen in the Alert 
zone B causing multiple landslides (9 landslides of different 
types in the Alert zone B were reported, 26 landslides in the 
Region) with a maximum of rainfall of 268 mm in three days 
was recorded by on the meteorological station in the area. 
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3 Data Collection and Preparation 


The input parameters can be divided in two classes: the static 
data and the dynamical data. Static data are geotechnical and 
morphological parameters while dynamical data are 
represented by the hourly rainfall intensity. 

The HIRESSS input is in raster, which means that point 
data and parameters have to be adequately spatially 
distributed. In this application the spatial resolution was 
10 m. 

The soil parameters were derived from the in situ and 
laboratory geotechnical tests and analysis. 


3.1 Static Data 

The slope gradient was calculated from the a DEM with a 
resolution of 10 m. Effective cohesion, friction angle, 
hydraulic conductivity, effective porosity, and dry unit 
weight were obtained and spatialized according to lithology. 
The soil parameters were derived from the in situ and labora- 
tory geotechnical tests and analysis. 

In particular, the properties of slope deposits were deter- 
mined by in situ and laboratory measurements (Bicocchi 
et al. 2016; Tofani et al. 2017) at 12 survey points. 

Location of survey points and results of the measurements 
are reported in Fig. 1 and Table | respectively. 

Details about data collection from the in-situ surveys to 
the laboratory analyses and methods of data elaboration to 
product input maps had been reported in Salvatici 
et al. (2018). 
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Fig. 1 (a) Aosta valley in the nortwest Italy and alert zone B in red, (b) Lithology and survey points, modified from Salvatici et al. 2018 and Masi 
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Table 1 Geotechnical parameters of each lithological class as input for the HIRESSS model 


Lithological classes Soil Type a c’ (Pa) 
Calcareous schist Sand with gravelly silt 31 1000 
Alluvial deposits Sand with gravel and silt 26 1000 
Glacial deposits Sand with silty gravel 31 1000 
Colluvial deposits Sand with silty gravel 25 1000 
Granites Sandy gravel 30 1000 
Mica schists Sandy silty gravel 30 1000 
Pietre Verdi Gravel with silty sand 32 1000 


Root cohesion variation map had been elaborated using 
for the plant species distribution the land use map Corine 
Land Cover 2012. Values adopted for the simulations varies 
from 0.1 to 19 kPa. 


3.2 Dynamic Data 

The dynamic data consist of the precipitation intensities read 
by the model to calculate the soil saturation and consequently 
the matrix suction and pressure head of each pixel for each 
time step. The initial distribution of soil saturation can be 
provided to the model if available. Otherwise, it is possible to 
insert an initial soil saturation of zero for each pixel of the 
area, the model starts at zero and, through the hydrological 
equations on which it is based, calculates the soil saturation 
for each time step. It is worth noting that zero soil saturation 
is not realistic even for very permeable coarse soils, espe- 
cially under the climatic conditions of the study areas. There- 
fore, it is important to have sufficient backward extension of 
precipitation data with respect to a given time period of 
interest for the simulation to ensure that the saturation 
conditions reconstructed by the hydrological model are 
hardly affected by the notional initial soil saturation (Masi 
et al. 2023). 

In the study area of the Valle d’ Aosta, the hourly rainfall 
data from 27 rain gauges were available. The rainfall data had 
been elaborated applying the Thiessen polygon methodology 
(Rhynsburger 1973) modified to consider catchment basins 
to spatialize the data set and generate the raster maps 
(Salvatici et al. 2018). The periods of rainfall considered to 
perform the stability simulations is from 02/04/2009 to 
30/04/2009. 

Between April 26 and 28, 2009, the VdA region experi- 
enced intense rainfall that particularly affected the southeast- 
ern areas and caused numerous landslides. 

The Lillianes Granges weather station recorded 268 mm 
of cumulative rainfall over the three days, 208 mm of which 
fell on April 27 alone (Fig. 2). 
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Ya k, 
(kKNm™*) n(%) ms’) hs (mH20) qr à 
16.5 39 1.1E-05 0.1466 0.041 0.322 
14.0 46 3.0E-06 0.1466 0.041 0.322 
15.3 41 2.7E-06 0.1466 0.041 0.322 
13.7 47 2.5E-06 0.1466 0.041 0.322 
17.6 32 4.0E-06 0.1466 0.041 0.322 
17.7 32 6.0E-06 0.1466 0.041 0.322 
16.3 ziy 4.6E-06 0.1466 0.041 0.322 


4 HIRESSS Simulation and Analysis 
of the Results 


The HIRESSS input data were entered into the HIRESSS 
model to obtain hourly or daily maps of the landslide 
occurrence. 


4.1 Monte Carlo Simulations 

A study on the preferable number of Monte Carlo iterations 
had been performed. The Monte Carlo iterations performed 
by HIRESSS to manage the spatial uncertainty of the input 
parameters is a fundamental aspect of the forecasting proce- 
dure, the setting of which strongly affects the resulting 
failures probabilities. The higher the number of iterations, 
the higher the reliability of the forecasts. On the other hand, a 
higher number of iterations considerably slows down the 
processing calculations, so that the question here is finding 
the best compromise between processing time and reliability 
of the results (Masi et al. 2023). 

To determine an appropriate number of iterations in the 
context of the present study, four simulations of the Valle 
d'Aosta 2009 event were performed with the same input 
values of the parameters but with different numbers of 
iterations (10, 100, 1000, 10000 shoots). The simulation 
results were then compared considering the number of unsta- 
ble pixels calculated in the three cases for the same days of 
the event and the processing times (Fig. 3). The caution value 
of 1.2 for the safety factor and 80% for the failure probability 
(FP) were chosen as the threshold values for the instability of 
a pixel. The threshold of 80% was chosen based on previous 
HIRESSS applications (Rossi et al. 2013; Salvatici et al. 
2018). 

The difference between the 10- simulation and the 100- 
simulation resulted in about 100000 fewer unstable pixels for 
the latter, while there was an average difference of 25000 
pixels between the 100s simulation and the 1000s simulations 


Physically-Based Regional Landslide Forecasting Modelling: Model Set-up and Validation 131 


Fig. 2 Intensity and cumulative 
rainfall per day from for second 
till 30th of April 2009. Daily and 
cumulative rainfall referring to the 
whole area had been calculated as 
mean values of the data registered 
by the 27 rain gauges 


Fig. 3 Results of simulations 
with a different number of Monte 
Carlo iterations. Colored curves 
represent trend of unstable pixels 
(resulting having a daily max 
failure probability higher than 
80%) (modified from Masi et al. 
2023) 
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(again, the simulation obtained by a higher number of processing time. The 1000 simulation took 2346 min 
iterations had fewer unstable pixels). In contrast, the (39 h), while the 10000 simulation took 21039 min (350 h). 
differences between the 1000 simulation and the 10000 sim- The convergence of the results and the quite different 
ulation were so small that they can be considered negligible, processing times led to the choice of 1000 iterations for the 
while they represent a significant difference in terms of successive simulations. 
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4.2 Analysis of the Model Output 
and Validation 


The simulation of the 2009 event was carried out at 1000 
Monte Carlo iterations with a resolution of 10 m x 10 m. 

To validate the model outcomes the inventory, comprise 
9 landslides, recorded as points or instability areas. 

The HIRESSS output selected for validation is the 24-hr 
map of failure probabilities for the day of April 27 (Fig. 4). 
The 24-h step was preferred over the 1-h step in view of the 
fact that the temporal localization of occurred events rarely 
achieves such accuracy. Within the range of three days on 
which the disruptions are reported (April 26-28), the day of 
April 27 was selected, during which the most intense precip- 
itation peaks were recorded. 

The study area was subdivided into sub-basins (Fig. 5) 
whose dimensions were set in order to be able to contain the 
average size of the typical shallow landslides in the area and 
at the same time not to be too large. 

The shapefile produced and selected for the purpose of 
spatial aggregation is characterized by sub-basins whose 
most downstream node collects the flow of at least 3000 
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pixels, this threshold allowed to obtain spatial units whose 
average size is equal to 0.37 km’. 

Finally, the spatial units were superimposed on the 
polygons of the rain gauges in the area in order to exclude 
sub-basins that were within the polygons for which rainfall 
data for the period April 2-30, 2009 are not available (due to 
temporary malfunctions of the data collection systems some 
rain gauges may not present continuous rainfall data), since 
the landslide triggering probabilities calculated by HIRESSS 
for these areas are for obvious reasons unreliable. 

In order to carry out the calibration procedure and to 
identify how many pixels are necessary to define a spatial 
unit unstable three different combination of threshold of 
failure probability and number of pixels have been defined; 
80%/250 pixels, 80%/300 pixels, 80%/350 pixels. 

The final stage of the test related to the spatial aggregation 
of the outputs consisted of validating the different pairings of 
pixel number/probability threshold by spatial comparison of 
the spatial units identified as unstable according to the differ- 
ent combinations and the location of the actual landslide 
events resulting in the construction of the contingency table 
(data related to correct alarms, missed alarms, false alarms, 
correct non-alarms) (Table 2). 


Probabilità frana max 24h 
27.04.2009 


Fig. 4 HIRESSS 24-hr map of failure probabilities for the day of April 27 
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Fig. 5 Spatial units with more 
than 250 pixels with failure 
probability equal to 80%. Green 
points and areas are landslides, 
black lines are spatial units 


The combination that returned the highest value of correct 
alarms was the one that predicted the value of 250 pixels with 
failure probability greater than 80% as the threshold of insta- 
bility, with 88.9% true positives the modeling in this case was 
able to predict 8 landslides out of the 9 recorded in reality. At 
the same time this combination produced the highest value of 


Table 2 Contingency matrix for Failure probablity/ 
the validation of the model results. Number of pixels 
TP true positive, FN false 
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false alarms, which was 13.9% in this case. The lowest value 
of false alarms was found for the 80%/350 pixel pairing, a 
combination that also, however, produced the lowest value of 
correct alarms, with 66.7% true positives such aggregation 
allowed the modeling to detect 6 out of 9 landslides. 


TP FN TN FP 
88.9% 11.1% 86.1% 13.9% 
71.8% 22.8% 88.6% 11.4% 


66.7% 33.3% 89.9% 10.1% 
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It is worth noticing that the distribution of the landslide 
events recorded and used for validation are all located near 
the most important infrastructures in the area: this leads to the 
hypothesis that the landslide database used lacks all those 
events that although they occurred (during the three days 
investigated April 26-28) were not recorded because they 
occurred in more remote areas and therefore were not 
intercepted. This hypothesis could likely be the cause of the 
values of correct and false alarms found, which while good 
do not match the potential of the modeling procedure using 
HIRESSS and aggregation that have been verified in other 
contexts. 


5 Conclusion 


The HIRESSS code (a physically based distributed slope 
stability simulator for analyzing shallow landslide triggering 
conditions in real time and over large areas) was applied to 
the eastern sector of the Aosta Valley region in order to test 
its capability to forecast shallow landslides at the regional 
scale. The model was applied in back analysis for an event 
occurred in 2009. 

In order to run the model two campaigns of on-site 
measurements and laboratory experiments were performed 
at 12 survey points. The data collected contributed to the 
generation of an input map of parameters for the HIRESSS 
model according to lithological classes. The effect of vegeta- 
tion on slope stability in terms of root reinforcement was also 
taken into account, based on the plant species distribution and 
literature values of root cohesion, to product a map of root 
reinforcement of the study area. 

The outcomes of the model are daily failure probability 
maps with a spatial resolution of 10 m. The HIRESSS code 
incorporates the Monte Carlo simulation in order to take into 
account the uncertainty of input parameters. 

The test on the number of Monte Carlo iterations showed 
that the best compromise between the accuracy of the results 
and the time required for HIRESSS to conclude the 
processing is represented by the value of 1000 iterations: in 
fact, requiring the model to perform this number of iterations 
gives results not dissimilar to those obtainable through 10000 
iterations but in a considerably shorter time. 

The aggregation procedure was applied and validated with 
reference to the event of intense rainfall that occurred in alert 
area B between April 26 and 28, 2009 on HIRESSS model 
outputs obtained through 1000-iterations simulation. The 
procedure involved classifying spatial units according to 
different thresholds of number of pixels contained within 
their perimeter having model-calculated failure probabilities 
greater than 80%. 

The best result between high value of correct alarms 
(TP) and low value of false alarms (FP) produced by the 


V. Tofani et al. 


aggregation procedure was obtained with the combination 
probability of triggering 80%/250 pixels within the 2009 
event (24h output of April 27, 2009) with 88.9% and 13.9% 
respectively. 

The application has also highlighted some drawbacks that 
are mainly related to the validation of the model performance. 
In particular, a satisfactory validation of the model is only 
possible if a complete event database of landslides with 
spatial and temporal resolution equal to the HIRESSS 
model resolutions is available. 
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Consequence: Frequency Matrix as a Tool to Assess 


Landslides Risk 


Michel Jaboyedoff 


Abstract 


Since F-N curves have been proposed, the use of 
consequences-frequency matrices (CFM) has been exten- 
sively used in several domains and in risk and hazard 
analysis. It represents a common framework for many 
applications, including project management and 
decision-making. CFM are diagrams which possess con- 
sequence and frequency classes on the axes. They permit 
to classify risks and hazards based on expert knowledge 
with limited quantitative data. In this paper, we propose to 
present the main characteristics of such tools. The semi- 
quantitative approaches are privileged, numbers must be 
attached to the limit of classes, in order to avoid erroneous 
uses. Comparison with F-N curve is addressed. It appears 
that giving probabilities to all classes is a way to introduce 
uncertainties and to get exceedance curves. The use of 
triangular probability distribution functions to describe the 
belonging to classes is a possibility coupled with a Bayes- 
ian approach. A short example is provided. 
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1 Introduction 


Because of the complexity of risk systems, it is not always 
possible to quantify fully the variables involved in the calcu- 
lation, since many aspects are not fully quantifiable. How- 
ever, in most cases, risk analysis is essential for decision- 
making (Van Westen and Greiving 2017), especially when 
the ins and outs are not well known. Methodologies have 
been developed to fulfil these gaps, since the nineties, notably 
by the NASA space shuttle program (Haimes 2009): “Risk 
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filtering, ranking and management” (RFRM). To rank the 
risk events and scenarios, these methods may use the 
so-called “risk matrix” displaying frequency (A) or hazard 
(H) or probability versus consequences (Co), divided in 
classes for each axis. These consequences-frequency matri- 
ces (CFM) are diagrams representing consequence and fre- 
quency on x and y axes respectively, which are usually 
divided into classes. The CFM are often used and presented 
in textbooks (e.g., Ale 2009) as a tool for assessing and 
comparing different situations for objects at risk. The results 
are the possibility to rank and compare risk situations by 
classes of consequences (Co) and hazard level (H). Such 
approaches have been developed earlier in the industry pro- 
duction sector (Gillet 1985), and are used nowadays in 
administrations, army operations (Armée Suisse 2012) or 
material acquisition (DOD 2006), project management 
(Raydugin 2012), epidemic assessment in the EU (ECDC 
2011) or at the world level (WHO 2020), evaluating risks 
related to corporate risk profile (TBCS 2011), commercial 
acquisitions (DOD 2006), natural risks (OFPP 2013) and also 
in insurances (ZHA 2013). 

Since CFMs are a discrete version of F-N or f-N curves, 
where F if the frequency of events with the number of deaths 
equal or greater than N (f-N is the non-cumulative version), 
which are continuous in values, they have been extensively 
used in several domains, they are both probability 
consequences diagrams (PCDS) (Ale et al. 2015). But one 
of the drawbacks of F-N curves is the risk acceptability 
limits, which is not well established for F-N and f-N, and 
therefore for CFM. The F-N approaches are nowadays used 
in landslide hazard and risk assessment (Dai et al. 2002; Fell 
et al. 2008) and matrices are often cited but not so much used 
(Dai et al. 2002; Lacasse and Nadim 2009). The principles 
are the same, but CFM allow the analysis of scenarios that are 
often impossible to solve by detailed investigations with the 
limited resources of the project (Pasman and Vrijling 2003). 
They permit classifying risks based on expert knowledge 
with limited quantitative data or more quantitative approach. 
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But they are often misused and not well applied, because it 
must be a semi-quantitative approach, and some simple rules 
are not well followed. Furthermore, they are often not used to 
visualize the evolution of risk with time or mitigation, or to 
represent uncertainty, etc. except a few examples (Wang et al. 
2014; Macciotta et al. 2020). It seems that some codification 
must be addressed to make CFM more relevant to risk analy- 
sis. The classes that are used must be established in a clear 
way, and the question of frequency or/and probability must 
be well treated. The question of the uncertainty is raised, one 
of the proposed solutions it to estimate the belonging to all 
classes. Here we intend to raise some questions and problems 
that are partially solvable if some further information about 
the scales of frequencies and consequences is given, because 
we do not claim to be exhaustive, it is a first step towards a 
better use. 


2 The Main Principle of Matrix Use 


The CFM techniques aim at providing risk assessment for 
ranking different type of dangers (UK-CO 2017), or specific 
case study by answering the questions (Haimes 2009): What 
can go wrong? What are their consequences and likelihood? 
On the side of the industries and insurances the following 
procedure for risk filtering, ranking and management 
(RFRM) is used (Krause et al. 1995; Haimes 2009): 


1. Scope definitions: what are the problems? 

2. Creation of a group of experts concerned by each level of 
the analyzed risky system. 

3. Hazard identification, i.e., identification of potential 
events and their scenarios 

4. Risk filtering and ranking in several sub-stages which 
implies to establish frequency (probability) and impact 
classes and their corresponding limits (in loop with point 
5) 

4.1 Use decision trees to select for Co and H 
4.2 Place in risk matrix 

5. Establish a ranking. 

6. Risk management, including the quantification of the 
potential risk reduction, which necessitate the understand- 
ing of causes and effects. 

7. Finalization of decision-making process 

8. Refinement of the process with the feedback 
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Probabilty 


Years 


Fig. 1 Verbal terms for the potentiality of at least one event occurs 
within a period assuming frequency limits corresponding to T = 2, 
10, 20, 200, 2000 years (after AGS 2007) 


3 The Conceptual Background 


Risk can be defined in different ways, for ISO (2009) it is 
defined as “The effect of uncertainty on objectives”, in the 
landslide community it is a “measure of the probability and 
severity of an adverse effect to life, health, properties, or the 
environment, Risk = Hazard x Potential Worth of Loss” (Fell 
et al. 2005), and hazard is defined as “probability that a 
particular danger (threat) occurs within a given period of 
time” (Fell et al. 2005). But this poses a problem, since risk 
units is “an annual loss of property’s value” (Fell et al. 2005), 
because there is no time dependence in the above formula, 
especially such as debris-flows or rockfall occurs more than 
once in a year. But the link between frequency (A;(Mj)) of 
random events of magnitude M; or larger, which is the 
inverse of the return period (T; = 1/A;), and the probability 
P; there is at least one event during a period At is given by the 
Poisson law (Corominas et al. 2014) (Fig. 1): 


P;(n>1,At)=1-—e—™ 


It means that it is equivalent to use à or P and At, but the 
consequence is that the risk for a single scenario i of magni- 
tude M; for an object E located at the position X can be 
presented in two ways. 

The first have a unit of loss per unit of time: 


R(E, X) =A(M;) P(X|M;) Exp(E,X) V(I(X,M;)) W(E) 


Where P(X! M) is the probability of propagation at the loca- 
tion X of an event of magnitude Mj, Exp(E, X) the exposure 
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or probability of presence of the object E, VU(X, M;)) the 
vulnerability of the object for the intensity I at the location X 
knowing M; and W(E) the value of the object or number of 
people affected. The hazard at the location X with an inten- 
sity I is given by A(X) = H(XI M) = AM,;) P(XI M). For 
simplification, the intensity I is known based on Mi, but H 
can also directly include the intensity. 

The second way it is to use the probability P of a period, 
usually 1 year (At = 1), and the consequence C, i.e.: 


P(X,M;) =1—e7 #4" and Co(E,X,M;) 
= Exp(E,X) V(I(X,M;)) W(E) 


In case of multiple events with reconstruction, the use of 
Poisson law for n = 1, 2, ..., n maybe used, if significant. 
The matrix usually represents Co versus P or H, but if P is 
used the period must be indicated, which is often omitted. For 
small frequency the P ~ A, there is less than 2% difference for 
the annual probability AAt = 1/T > 25. To perform a full risk 
calculation class of magnitude must be used and formally an 
integration or a summation must be performed over M;, X, 
(implicitly 4;) and E. 

In landslide community the matrix is often used to qualify 
a unique situation, and do not consider cumulative incremen- 
tal risk as it can be made in F-N curves, but F-N curves can be 
represented as points in f-N curve for a specific event, but 
then the limits of risk acceptability and tolerability may be 
changed. The F-N is based on the same principle that the 
frequency f or H, it uses the concept of societal risk, i.e. the 
potential loss of life of N or more people with a frequency F 
(Jonkman et al. 2003), N was in the original version a dose of 
exposition to radioactivity (Farmer 1967) but it can be 
applied to human life as well for economic loss (Fell and 
Hartford 1997) or any consequences (Ale et al. 2015). 


4 Example of Risk Matrix 


Examples of risk matrix are numerous. As an example, the 
the UK cabinet office (2017), published a risk matrix (Fig. 2), 
for UK, comparing the different natural hazards, pandemics, 
major accidents, and social risks (they use societal which 
does not correspond to the landslide risk terminology). It is 
clear that climate and environmental related risk and 
pandemics are classified as the higher risk for the UK. For 
landslide the matrix developed by Porter and Morgenstern 
(2013) is very useful, because it provides in addition order of 
magnitudes of frequency and the different type of impacts for 
Health and Safety, Environment, Social & Cultural (Fig. 3). It 
underlined that the likelihood categories must be kept con- 
stant, but the consequences can be scaled depending on the 
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Likelihood of occurring in the next five years 


KEY 


Natural hazards 


Coastal flooding 
River flooding 
A Surface water flooding 


& Storms and gales 


oe Cold and snow 


"Y Heatwave 
sina Drought 
@) Space weather 


a Volcanic eruptions 


Poor air quality 
ute 


AW Earthquakes 


re Wildfires 


Diseases 


Eg Pandemic influenza 


A Emerging infectious disease 


A Animal disease 


Major accidents 


EN Widespread electricity failure 
+ Transport accidents 


Kéi Industrial and urban accident: 


E System failures 


Societal risks 
FI Industrial action 


S Public disorder 


Fig. 2 Summary by the UK Cabinet Office to represent the hazards, 
diseases, accidents, and social risks in a likelihood (probability) impact 
severity risk matrix (from UK-CO 2017) 


purpose, for instance the size of a company and the risk of 
bankruptcy (Porter and Morgenstern 2013). 
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Multi-hazard Risk Evaluation Matrix (SAMPLE) 
For the Qualitative Assessment of Natural Hazards 
Risk Evaluation and Response 
VH Very High Risk is imminent; short-term risk reduction required; long-term risk reduction plan must be developed and implemented 
A Risk is unnacceptable; long-term risk reduction plan must be developed and implemented in a reasonable time frame. 
H High 3 sat i 
Planning should begin immediately 
M Moderate Risk may be tolerable; more detailed review required; reduce risk to As Low As Reasonably Practicable (ALARP) 
L Low Risk is tolerable; continue to monitor and reduce risk to As Low As Reasonably Practicable (ALARP) 
Partial Risk (annual probability) VL Very Low Risk is broadly acceptable; no further review or risk reduction required 
Likelihood Descriptions Indices ieee 
Event typically occurs at E Ainset carats Sod 
least once per year S 
Event typically occurs every E Very Likely motd 
few years aici 
Event expected to occur 
every 10 to 100 years B Likely Dotto 
Event expected to occur P 
every 100 to 1,000 years c Possible 0.001 to 0.01 
Event expected to occur i 
every 1,000 to 10,000 years B Unlikely 0.0001 to 0.001 
Event is possible buti 
expected to occur less thani A Very Unlikely <0.0001 
once every 10,000 years 
o 
£ 1 2 3 4 5 6 
[e] 
g Indices 
5 
° Incidental Minor Moderate Major Severe Catastrophic 
v 
2 
=] nr i Minor injury or personallSerious injury or personalļ ; 
© m Health and Safety _|No impact Slight impact; recoverable w | - ship; recoverable within|hardship; recoverable w ithin|/ ly or serious personally inte fatalities 
ono ithin days $ long-term hardship 
og lays or weeks w eeks or months 
= 5 Localized short-term impact;|Localized long-term impact;|Widespread long-term] Widespread impact; not 
3 =) Environment Insignificant recovery within days or wjrecoverable within w eeks orjimpact; recoverable w ithin|recoverable within the Irreparable loss of a species 
5 F leeks months months or years lifetime of the project 
® | j | 
$ 
vo 
w => 
o 
< 
2 
r= 
a 
T <$10,000 business <$100,000 business <$1M business <$10M business >$10M business 
O E ` Negligible; no business 
o Sorone interruption 
a interruption loss or damage to public or private property 


Fig. 3 Example of risk matrix designed by BGC company and proposed to geological survey of Canada Sample Qualitative Risk Evaluation Matrix 


(from Porter and Morgenstern 2013) 


5 Issues Linked to the Use of Matrix 


5.1 Scale and Verbal Terms 

The use of scales to enter in the matrix is important, they are 
usually not numerical, but often annual probabilities are 
given for indication, like for AGS (2007) the verbal terms 
used to qualify the hazard is based on the frequency, but they 
named the frequency annual probability which is confusing 
(Ale et al. 2015) (Fig. 1). As mentioned in the RFRM the 
limits of acceptability in PCDS can be chosen depending on 
the situation and the experts’ opinions or can be fixed based 
on quantitative values as for F-N curves using criteria at the 


level of a country (Pasman and Vrijling 2003) or a region 
(Fell and Hartford 1997). 

The studies about verbal terms quantifications show a 
large variability for different terms assessing the probabilities 
(Fig. 4). Several surveys about terms showed that the differ- 
ence in probability on average between the terms “unlikely” 
and “likely” is of 60% from ~20% to ~70%, with a ratio 
varying approximately from 5 to 3.5, which is far from one 
order of magnitude (Fig. 4). For industrial project limits of 
the classes of probability can be below 0.1% for very low 
10% for low, above 50% for high and 90% for very high 
(Raydugin 2012), which correspond to annual frequency 
0.001, 0.11, 0.69, and 2.3 events per year respectively, but 
if it used for the life of the industry let say 30 years it must be 
divided by 30 (3.34 1075, 0.0035, 0.023, 0.077 or in terms 
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0% 20% 40% 50% 60% 80% 


100% 


Fig. 4 Results of various surveys of verbal terms with average (red 
line) and variability (grey zone) and the envelope of the data using light 
grey, showing the very large variability (modified from Barnes 2016) 


of T: ~3 104, 285, 43, 13) because 1 = — In (1 — P)/At 
which appears as more relevant. For military actions, the 
yardstick probabilities are very high, 5% is remote chance 
and 20% highly unlikely (Defence Intelligence 2023). 

The above considerations show the variability of interpre- 
tation. For landslides the comparison of the annual frequency 
used for the matrix in Australia (AGS 2007) and the 
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Canadian one (Porter and Morgenstern 2013), the second 
being inspired by the first one (Fig. 1, Table 1). There is a 
shift in the value and variability in the terms, but the order of 
magnitude of events are similar and likely starts at 100 to 
200 years return period, which indicates for those adverse 
conditions will probably occur during the life of the infra- 
structure or the building (AGS 2007). 

The scales of the damages are very close as expected, in 
addition comparison with values for industries, the numbers 
are similar. Gillet (1985) proposed to compare the estimated 
hazard with standardized frequencies of occurrence and their 
associated expected losses like shown in the last two columns 
of Table 2, if it is higher or if the uncertainty is too high, then 
the risk reduction must be considered. 

5.1.1 The Classes of Consequences 

and Frequency or Probability 

As underlined above if the verbal terms are used, they must 
be attached to some numbers or explanation (Table 1) to 
make them more reliable, since the verbal alone can be very 
vague. To choose the membership to a class of consequences 
or frequency, several strategies can be used. It can be based 
on a set of indicators with weight which provide a value for 
one or for both scales as for geotechnical and geomorphic 
indicators used for quick clays risk analysis (Lacasse and 
Nadim 2009) (Fig. 5). 

The decision trees are standard tools to analyze risk or 
hazard (Leroueil and Locat 1998; Haimes 2009; Lacasse 
et al. 2008). They can be used to provide the class values 
for one or both axes. It is preferable to use dichotomic 
branches as proposed for pandemic (ECDC 2011), because 
it is easier to decide. For instance, the frequencies or return 
periods (T;) can be deduced by the process below, which 


Table 1 Comparison of the frequency scale of the risk matrix from Australia and Canada, for the Canadian “almost certain” correspond to the event 
typically occurs at least once per year (scales taken from AGS 2007 and Porter and Morgenstern 2013) 


Frequency 
10° 
1076 
1075 
1075 
1074 
10-4 
0.001 
0.001 
0.010 
0.010 
0.10 
0.10 
0.90 
0.90 
1.0 
1.0 


Porter and Morgenstern (2013) 
Very unlikely 


Unlikely 


Possible 


Likely 


Very likely 


Almost certain 


AGS (2007) 
Barely credible Limits 

5x10% 
Rare 

SO 
Unlikely 

SO 
Possible 

0.005 
Likely 

0.05 


Almost certain 


100 

Risk 
90 

Classes 
7 ‘i 
70 2H 


s 
a w 


Hazard level 
ry 


è 


Consequences scale 


Fig. 5 Continuous scale risk matrix or PCDS example using indicators 
leading to create relative risk classes in a consequence-(hazard) suscep- 
tibility diagram (based on the criteria of Lacasse and Nadim 2009) 


depend on the climate and the environment, thusno values are 
given: 


1. Are any signs of landslide activity present? 
(a) In the scree/talus slope or in the landslide deposits 
(b) Within the slope 
(i) Scar clearly visible 
(ii) Displacements 


° If YES > proceed to point 2, if NO go to point 4 


2. Can recent landslide activity be observed? 
(a) In the scree or in the deposits 
(i) Fresh traces are visible 
(b) Within the slope 
(i) Scar (fresh) 
(ii) Active displacement (measurable) 


¢ If NO > proceed to point 3, if YES the frequency can 
be assumed to be less than T; years. 


3. Are the traces of landslide activity apparently 
unchanged but still clear? 
(a) In the scree or in the deposits 
(i) Recent traces are not visible 
(b) Within the slope 
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(i) Scar (no trace of activity) 
(ii) Displacement traces clearly visible 


° If YES the frequency can be assumed between T; and 
T- years, and if NO go to point 4. 


4. Are the traces not obvious? 
(a) Presence of old vegetation 
(b) Smoothed topography 


¢ If YES the frequency can be larger than T; years, and 
if NO it can be estimated larger than T, years but less 
than T; years. 


For the consequences scale, it is also possible to perform a 
decision tree to set the classes, as for instance for a landslide 
threatening a road (Fig. 6). 

Another possibility is to ask to the expert to set the 
probability of belong to all the classes of the scale, as pro- 
posed by Vengeon et al. (2001), for which the frequency is 
set by an array of probability—delay for failure of landslides. 
Such an approach can be used for consequences and fre- 
quency as well (Table 2). 


5.2 Setting the Risk Limits for Risk Matrix 


and F-N Curves 


CFMs suffer some weaknesses. The risk scale (colours) is 
often not consistent (Cox Jr. 2008), because for instance, a 
point at the corner of a class can belong to 3 different risk 
classes, then in that case by changing by one unity each axes 
the difference can be of 2 class levels. In principle the classes 
of risk have to respect as much as possible the principle that 
the isorisk limits are hyperbolas, i.e., H = R/Co. Let us make 
an analogy with F-N diagram which can be considered as 
numerical “matrix”. In case of aversion to risks (@), the limits 
must be adapted as it is the case for F-N diagram for floods in 
the Netherlands @ = 2, where N is the consequence: 


F= N 

As a consequence, the CFM integrating aversion, in a 5 x 5 
matrix, using simply two relative scales numbered from 
1 (very low) to 5 (very high), it is possible to create 4 risk 
classes without triple points based on A x Co providing a risk 
scale going from | to 25, but using the same risk scale the 
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Fig. 6 Decision tree to deduce 
the consequences levels for the 
Pont Bourquin landslide in 
Switzerland (see below for more 
explanations) 


The landslide will 
reach the road 


second and third risk class must be merged because the range 
of value goes from | to 125 and the high risk limits move to 
25 (Fig. 7). 

F-N diagrams are cumulative, but some authors tend to 
use non-cumulative f-N curve as did Farmer (1967) originally 
(Ale et al. 2015), this raises a question: does the F-N limits 
must be the integral of f-N (Ale et al. 2015)? When creating 
risk classes for probability consequences diagrams, the clas- 
ses limits must be set up depending on one or the other 
assumption. In addition, they must be set designed on 
which domain it applies, i.e., population, region, country, 
object infrastructures, etc. The limits are usually not defined 
by the law so as mentioned above the rules must be set by a 
group or expert or using a true participative approach (Mereu 
et al. 2007). In the Netherland the F-N criterion for unaccept- 
ability are based on the risk for the whole population consid- 
ering the industrial hazard is at 107 and for the sum of 
incremental risks to 1075, then assuming that F 
(N) x N? < 1073 for N > 10 (Pasman and Vrijling 2003). 

This process highlights the significance of considering the 
specific domain it is being applied to. In the context of Hong 
Kong, the current approach involves utilizing the land area as 
a basis (Hungr and Wong 2007). However, it is worth noting 
that this may not be the most optimal choice, as the F-N is 
dependent on the number of people affected. Therefore, in 
principle, it would be preferable to establish the individual 
risk threshold multiplied by the population concerned to get 
the threshold for one death. The selection of the aversion 


No: It creates 
disturbances 


Yes: It will affect a 
vehicle? 
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500 CHF 
Very low 


5’000 CHF 
Low 


No: it stops the 
traffic 


50’000 CHF; Medium 
No: vehicle hit, and g 500000 CHF 
traffic affected Ag 


5’000’000 CHF 
Very high 


Yes: It kills people? 


parameter, i.e., the slope of the limit, should be made with 
consideration of cultural factors. As shown for the 
Netherlands the reasoning can be more sophisticated, based 
on observed F-N curve for various hazards. This way to think 
must be kept in mind when fixing matrix risk classes. 

Another issue is the individual risk (IR), because matrix 
can be used for specific activity, as we have seen the limit for 
army, industry or voluntary dangerous activity the threshold 
must be adapted and can be defined as follow (Pasman and 
Vrijling 2003): IR = B x 107°, where $ is the policy factor, 
assuming the following values 100 for voluntary or excep- 
tional professional activity (rescuing, military, etc.), 1 with 
self-determination assuming a direct benefit and 0.01 for 
facing involuntary hazard. 

As final remarks, if you add people in the system then or if 
the territory is extended, shall the line of acceptance changes? 
Yes, if the individual risk is kept and no if an improvement is 
requested. f-N is problematic, because it corresponds to an 
incremental risk, so depending on how many threats are 
considered the limits will change. This depends on the ratio 
of the importance of the considered threats versus the others. 


5.3 Uncertainty 

Because of the fuzziness of human appreciation, uncertainty 
must be added. There are several ways to add it as it is 
distributed in more than one class the estimation of F and 


Table 2 Comparison of scales for damages, the last column is the relationship between frequency and costs in industries which are the basis for risk 
analysis for industries after Gillet (1985). The costs have been for 2023 considering inflation and exchange with US$ for CAD and £ 


Terms (AGS Damages cost to the Terms (Porter and 
2007) property value Morgenstern 2013) 
Insignificant 0.50% Minor 

Minor 5% Moderate 

Medium 20% Major 

Major 60% Severe 
Catastrophic 200% Catastrophic 


Terms (Gillet Frequency of Expected loss 
Value 1985) occurrence value 
<$ 12/000 Minor 1 <$ 7000 
<$ 120 Appreciable 0.1 <$ 70'000 
000 
<$ 1’ Major 0.01 <$ 700000 
200000 
<$ 12’ Severe 0.001 <$ 7’ 
000’000 000’000 
> $ 12’ Total 0.0001 >$ 7'000°000 
000’000 destruction 
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Frequency 


Consequences 


Consequences 


Fig. 7 Example of 5 x 5 risk matrices a. with a hyperbola risk scale, 
4 classes (a) and with aversion and only 3 classes (b) 


Co. The use of minimum, maximum and average can be used 
to assess the uncertainty. In fact, the belonging to all classes 
can also be assessed (see below). 


5.4 Risk Reduction 

The risk matrices are very useful to visualize the risk reduc- 
tion scenario, especially in a qualitative way, because it can 
represent the paths (arrows) of the different option of risk 
scenarios (Solheim, et al. 2005). In addition, it allows to input 
the risks that can be induced by the changes created by a 
mitigation. In industrial material sciences, such 
representations are used (Cowles et al. 2012). 

For instance, the flood management can create fuse plug 
spillway in protective dike (Schmocker et al. 2013), to force 
the flood in less at-risk areas. In the case of rockfall, dikes or 
nets, can make local authorities confident and let new con- 
struction behind protective measures, which, in fact, can 
increase the risks (Farvacque et al. 2019). When the risk 
matrices are used for representing risk reduction, they must 
include the questions about the potential consequences 
(Fig. 8). 


5.5 Representing the Cascading Effect 

It means that a rule must be added to the use of risk matrix, 
which to consider and represent the cascading effect (Gill and 
Malamud 2016) of protecting an area. The cascading effects 
are important nowadays, especially in the context of climate 
change. In the case of Natech (Risks from Natural Hazards at 
Hazardous Installations) the use of matrices can be very 
useful to show the consequences of a natural disaster (Girgin 
et al. 2019). 


M. Jaboyedoff 


Vegeta bed Mü 
mound 1 to 2m Soe A 


H5 Dike or wall 1 to 2 


S 
Š 
3 
> 
© 
© | Situation after mitigation 
ay if inhabited zone 
Z 2 
sf 
o 8 
Q 5 
LL 
z 
© 
C] 
Initial situation for, 
= z and z, 
N] 
> Acceptable risk 
L Situation after mitigation 
Insignificant Minor Moderate High Very high 
Consequence 


Fig. 8 Example of potential building area in a high hazard area and 
illustration of the proposed solutions. CFM is used to represent the 
degree of risk. The scope of tolerable risk (light grey) is between the 
limits of tolerance and of acceptability (modified after Jaboyedoff et al. 
2014) 


5.6 Adding Dimensions 

Frequency and consequences are not the only parameters that 
can be considered, some other parameters can be added 
such as: 


e Difficulty to reduce risk (Zhang et al. 2016). 

e Uncertainty (Gillet 1985). 

° The difficulty is to detect (Martinez-Marquez et al. 2020) 
or characterize the hazard. 

e Etc. 
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Fig. 9 (a) example of 3D matrix 
including difficulties with a scale 

inspired from Zhang et al. (2016) a. 
and (b) conceptual example of a 
4-dimensional matrix including 

difficulty to reduce and 

uncertainty 


Likelihood 


If 3 variables are used, frequency, consequences and a third 
one among the previous ones, a 3D matrix can be used or a 
matrix using different symbol shape and size can provide 4D 
information for instance (Fig. 9). 


5.7 Cumulative Versus Non-cumulative Scale 
F-N graphs are in cumulative form, but even if it is cumula- 
tive, it is non-exhaustive looking at the risk level, so therefore 
the frequency is calibrated on incremental risks, normally 
dedicated to one type of hazard and their consequences. 
The scales for risk matrix are semi-quantitative or qualitative, 
but they must follow the same principle as F-N or f-N. 

In most of the case, the risk matrices are non-cumulative 
because it allows to compare different situations or type of 
risks. But a semiquantitative approach may allow a cumula- 
tive approach, or, as we will see in an example below, each 
scenario represented by a class of the matrix must be 
qualified. 


5.7.1 An Example Ambiguous Use of Matrix 

In Switzerland the assessment of hazard level uses a matrix 
representing the return period or frequency and the intensity 
(Raetzo et al. 2002). It is in fact a sort of risk matrix because 
intensity levels are related to some resistance of objects 
which is called “danger”. The matrix is a 3 x 3 matrix, and 
the axes are inverted, and the frequency scale is inverted 
(Fig. 10a). It contains issues like a triple point (7), three 
half classes and when looking at the transposition in an 
intensity—frequency the scale appear to be very refined 
even if it seems possible to get the frequencies by the investi- 
gation (Fig. 10b). Considering the question of what the 
probabilities attached to the limit high (30 years), medium 
(100 years) and low (300 years) are, respectively, for a 1-year 
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Fig. 10 (a) Hazard Swiss matrix for rockfall (after Raetzo et al. 2002) 
and (b) corresponding Energy (linear)—frequency (log) diagram 


are 3.28%, 1.00% and 0.33%, which is very close and diffi- 
cult to discriminate, uncertainty is necessary to assess in a 
such case, especially for verbal appreciations, but such a 
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scale can be relevant on the field by looking at the traces of 
rockfall for instance, but it must be kept in mind that has a 
high uncertainty. Nowadays in Switzerland scenario must be 
assessed for all return periods (OFEV 2016), but the principle 
of the matrix is still used. 


6 Summaries of the Recommendations 


Following the above observations and findings, we can make 
a non-exhaustive list of elements to consider when creating 
risk matrices: 


e Usually, CFM includes relative scales based on verbal 
terms, but they must be attached to numbers or description 
of frequency and consequences scales. 

e The risk classes scale must follow rules such classes 
multiplication R j = A; x Co ;, or they can be adapted on 
purpose with justification or considering aversion. 

— The matrix must be preferentially equal or larger than 
4 x 4 matrix. 
— No triple points must appear. 

e The uses for decision trees are very useful for choosing the 
classes on both axes. 

e When using F-N concept, the strategy must be clearly 
defined, and the limits must be adapted considering the 
population and the individual risk threshold, this must be 
described. In the case of not using such a strategy, this 
must be clearly stated. 

e Risk matrices are an excellent tool to represent risk reduc- 
tion paths. 

e The matrix can be used for any type of consequences. 

e The cascading events can be represented by such matrix, 
but the conditions leading so such situations must be 
clearly described and the probability and frequency esti- 
mation correctly assessed. 

e The use of cumulative version must consider that 
depending on the extent of the treats considered, the 
threshold can change, because usually for one threat it is 
107? times the individual risk for involuntary risk, 
because it is incremental it is one risk among others. It is 
the way to use F-N curves but for matrix it is not 
recommended. 

e The uncertainty must be assessed. 

e The dimension of the matrix can exceed 2, especially by 
adding uncertainty and difficulty to reduce risk. 
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The risk matrix as well as the F-N or F-Consequence graphs 
provide a framework for risk assessment, which is very useful 
for representing, communicating, and teaching. 


7 Example of Integration of Assessment 
for all Classes 


In the following lines, an example of CFM is given related to 
an update of the risk assessment of Pont Bourquin landslide 
(Switzerland) (Jaboyedoff et al. 2009, 2014). The goal is to 
evaluate all the probabilities of a 5 x 5 risk matrix classes. 
The method uses CFM by developing point 4 of the above- 
mentioned RFRM process, including part of the points 3 to 
5. It uses a Bayesian approach to estimate the belonging to 
classes of frequency and consequences based on prior 
probabilities provided by experts (here the expert is the 
author to set the example), the likelihood being based on 
triangular distribution. The probabilities to belong to a class 
of risk are calculated by the multiplication of both 
probabilities to belong to frequency and consequences. 
Similar attempts were performed for technical system by 
Krause et al. (1995) introducing uncertainty in the input data 
by using fuzzy logic: the classes are fuzzified by applying a 
membership function to the classes of frequencies and 


consequences, we replaced fuzzy logic by Bayesian 
approach. 

8 Method 

8.1 The Belonging to a Class and its 


Uncertainty 


Uncertainties are involved when experts are providing their 
opinions about the belonging to a class of events, which can 
be named “very low, low, medium, high, very high” referring 
frequencies and consequences. As for the fuzzy logic frame- 
work (Zadeh 1975), the class belonging is not unique and 
there exists a probability of belonging to the other classes. It 
means that when an expert attributes an event to a class it also 
implies a “membership” to other neighboring classes. Instead 
of using the fuzzy logic terminology as “membership”, it is 
preferred to use the likelihood P(C;jl CE;) of the attribution to 
a class CE; by an expert to be distributed to neighboring 
classes Cj. 

The prior probability to belong to each class is equivalent 
to ask to experts an estimation of the uncertainty empirically. 
It can be decided by a group of experts, or an expert can give 
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Fig. 11 Parameter defining triangular distributions 


his definition of belonging to a class. This can be a direct way 
to introduce the uncertainty, but we try to go a bit 
further here. 

Formally, if a class has a lower limit /; and upper limit J; , ; 
and if the distribution of the weights from a class chosen by 
an expert CE; to the others using a scale of value x is given by 
f(x)dx, then the likelihood or weight to belong effectively to 
the class C; is given by (Jaboyedoff et al. 2014): 


list 


di 


(1) 


The function f(x) can be of any type, and they are chosen by 
using for instance the variance, the mean, etc. Here, we will 
use the triangular distribution (Kotz and van Drop 2004; 
Haimes 2009) (Fig. 11): 


0 or x<ay 
(ra) 

fora<x<c 
4 (2) 
1- ———_+—~. forc<x<b 


TU c)(b—a) 


Where F(x) is the cumulative distribution function (CDF) of 
fæ) (Fx) = f f(x)dx), and the domain [a, b] corresponds to 
non-zero f(x) and c is the x value of the maximum of f(x). 


8.2 Classes Definitions 


Such triangular density function (pdf) is often used to repre- 
sent expert uncertainty (Vose 2008). It presents the advantage 
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to ask expert simple questions to define the distribution 
(Jaboyedoff et al. 2014): 


e What do you consider as the lower possible value (a) for 
an event (frequency, intensity, impacts, etc.), classified in 
the class C;? 

e What do you consider as the upper possible value (b) for 
an event (frequency, intensity, damage, etc.), classified in 
the class C;? 


Here, we will consider that the maximum of f(x), i.e., f(c) is 
located at the central value of a class considered by the expert 
as the most probable, but for the lower and the upper classes 
the choice is different, and other solutions can be chosen. 


8.3 The Expert Assessment for a Specific 


Event 


For most of the matrix approaches (Haimes 2009), all the 
possible events (Ev) have to be listed. Each event 
corresponds to a process that can lead to different scenarios 
for consequence and frequency. 

The classes and their associated distribution definitions are 
independent of the events. An expert has its own interpreta- 
tion of a potential event Ev that can lead to different scenarios 
of consequences and frequency independently. The expert 
may give, for each scenario, a weight to each class of 
consequences, and this is also applicable for frequencies 
scenarios. Therefore, all couples of frequencies 
-consequences (Co) related to an event Ev (A, Co) must be 
distributed following the potential scenarios. For instance, as 
proposed by Vengeon et al. (2001), the frequency can be set 
first by an array of probability or weight—delay (return 
period or frequency) or more generally relative classes of 
probability. Then, the weight (probability) must be 
normalized to | and distributed among the respective belong- 
ing to the other classes, i.e., P(CE;) the expert weight distri- 
bution for one event (prior probability) (Fig. 12a). This is a 
also performed for the impact. Using the Bayesian theory, the 
probabilities of a class C P(C) of a frequency P,(C;) or an 
consequence P¢,(C;) of classes A, Co respectively are given 
by (Jaboyedoff et al. 2014): 


P(CE;) 


P(C,|CE;) P(C\|CE,) 


PG) 


P(C,|CE,) P(C,|CE,) P(CEn) P(C,) 
By introducing values for the limits, it is then possible to 
provide exceedance curves for consequence or return period 


(Fig. 12b). 
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Fig. 12 (a) histogram of the probabilities P(CE;) (blue) for the 
frequencies given by the expert and P(C;) (red) the corrected one by 
Bayesian approach. (b) resulting curve of exceedance using the class 
limit (see below for these limits) 


8.4 The Matrix Construction 

The different probabilities for classes for frequencies P,(C;) 
and consequences P¢,(C;) can be multiplied to get a matrix of 
probability of each matrix element (P(C;j)) is given by ele- 
ment (Fig. 13): 


P(Cy) = P(C) x Poo (Cj) with X` P(Cy) =1 (4) 
where each element of the risk matrix corresponds to 
scenarios defined by the frequency and the consequences, 
the two scales are considered implicitly independent. This 
allows to obtain an exceedance curve of risk level that is 
attributed to each element in two ways. In the first case, for 
each amount of money the average frequency is calculated: 
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(5) 


Where à; are the frequency for each frequency class. In the 
second case, the class values 1 to 5 with 5 being the highest of 
both scales are multiplied, going from | to 25. The annual 
risk can be calculated and frequency of exceedance of each 
Coj is obtained by cumulating the frequencies of the fre- 
quency classes, and the risk classes can also be presented in 
terms of probability to exceed each risk classes. 


8.5 The Example of a Particular Unstable 


Mass of Pont Bourquin Landslide 


The example below is partially taken from Jaboyedoff et al. 
(2014) using a new assessment since no major event occurred 
and considering the new situation. 


8.5.1 Landslide Settings 

Pont Bourquin Landslide (PBL) is located in the Swiss 
Prealps, close to Les Diablerets, Switzerland (Jaboyedoff 
et al. 2009) (Fig. 14). First, evidence of gravitational defor- 
mation activity can be observed on aerial photos taken in the 
late sixties. This activity gradually developed until 2004. The 
first large slope displacements happened in 2006, when 
movements up to 80 cm occurred on the head scarp. Subse- 
quently, a mudflow reached the road just below the landslide 
on fifth of July 2007 and another flow destroyed the forest at 
the toe of the slide in August 2010. For this second event, we 
were able to demonstrate the drop of surface shear wave 
seismic velocity at a depth of 9-11 m a few days before the 
collapse (Mainsant et al. 2012). Afterwards, remedial works 
were carried out, including a trunk-framed box at the toe of 
the instability and gullies on the mass body to evacuate 
surface waters. However, the landslide body is still moving, 
with velocities like the former ones. 

Nowadays, the landslide is still active, and three zones are 
particularly threatening. In the present example, we will 
assess the risk for one of these potential source areas. It is 
approximately 5000 m°? material that is detached on the 
north-eastern part of the landslide. The displacement is 
observable by visual inspection of the back scarp, sudden 
reactivation failure of this compartment and a fast propaga- 
tion toward the road is expected. A detailed description of the 
situation is not the goal of this paper, therefore, we will 
simply present an example illustrating the general framework 
of the method. 
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Fig. 13 Example of matrix 5 
showing the proximity of each 
element of the matrix and the 
distribution function used to 
calculate the likelihood P(C;| CE) 
of both axes 
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8.5.2 The Classes and Scales 

To create the limits of classes for the frequencies or return 
periods we use a modified version of the Swiss danger matrix 
(Lateltin 1997): Very low (300-1000 years), Low 
(100-300 years), Medium (50-100 years), High 
(5-50 years) and Very high (0-5 years), the average is used 
as the frequency for the classes. 

The classes of consequences have been designed 
depending on the considered scenario. We used five million 
CHF as the worst-case scenario, which corresponds, 
according to the willingness-to-pay value generally used in 
Switzerland, to the death of one person (Fig. 6). Each class is 
one order of magnitude different from its neighbors. 


8.5.3 Setting the Prior Probabilities 

Prior probabilities have been set using the Eq. [1] and P,(C;) 
from Fig. 12 and the triangular distributions shown in Fig. 11. 
For very low frequencies, looking at the likelihood functions 
in Fig. 13 shown below the matrix, the error of attribution can 
be quite high towards the higher frequencies, while for the 
very high frequencies they are distributed symmetrically 
between the two highest classes. The intermediate classes 
are distributed nearly symmetrically over neighboring 
classes. 
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The first question is whether or not the landslide will reach 
to the road after a sudden reactivation failure, considering up 
to the possibility of killing one person in a vehicle. The 
weights Pco(CE;) were sat at 1.9%, 19.2%, 57.7%, 19.2%, 
1.9% respectively for the classes very low, low, medium, 
high and very high, used with the values indicted in Fig. 6. The 
vertical distributions in Fig. 13 are used for the likelihood 
functions used to calculate the probability to belong to a 
class. Please note that not all hazard sources have been 
considered here (Fig. 14). 


8.5.4 Results 

The use of prior probability to correct expert assessment 
(Fig. 12a) implies that the average return period changes 
from 44 to 48 years, which is limited by construction 
(Fig. 12). The curve of exceedance shows that the corrected 
probability to be below 5 years is around 20%, whereas it is 
5% for the original value (expert opinion), and to exceed 
100 years goes from zero to 6% (Fig. 12b). The exceedances 
of the consequences per event (Fig. 15) show first that the 
average value of corrected costs (344,000—CHF) is 
increased by more than 50% more than double the 
non-corrected value (222,000.- CHF). The probability to 
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Fig. 14 The location of the unstable zone on the landslide (white 
dashed line) and the national road that can be affected 


exceed 50,000.—CHEF decreases from 80% to 60% but are 
very similar for high values. 

We can extract the curve of exceedance for the risk level 
divided in five classes from 1 to 25 (5 x 5) in 5 equal classes 
(Fig. 16). This shows that there is around 5% chance to be in 
the very high-risk class and 50% to be lower than medium 
risk. It is also possible to obtain the annual risk: 
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Fig. 15 Curve of exceedance of the cost per event, using the limit of the 
classes for both corrected and uncorrected probabilities 


M. Jaboyedoff 


which is around 33,000.- CHF/year. 

Using Eq. 5, an exceedance curve can also be obtained 
(Fig. 17) by summing the frequency of decreasing damage 
levels, which indicate the frequency of 4.3 x 107° (or on 
average every 230 years) to reach five million CHF, 
5.7 x 107° (or on average every 18 years) to be over 
50,000.- CHF and 8.5 x 107° (or on average every 
12 years) to overpass 5000.- CHF. 


9 Discussion and Conclusion 


The use of CFMs must follow certain rules, the use of 
numbers for the classe’s delimitations is important to avoid 
misunderstanding since the verbal qualification are often 
fuzzy. If the numbers are used, it enables extracting semi- 
quantitative risk estimation as well as the curve of exceed- 
ance. The limits must be fixed depending on the case study 
and the domain on which it applies as for F-N diagram. 

The example tries to demonstrate that if it is possible to 
give a probability of belonging to all classes of a risk matrix, 
it provides a more reliable results which can be delivered in 
different forms and integrate fully uncertainty that is 
expressed by the exceedance curves. This approach allows 
to avoid most of the problems linked to the use of CFM. 

The fact that the experts must give two times their 
opinions, first for the likelihood (the scale fuzziness), and 
second for the prior probability (weight for each class) is a 
way to introduce uncertainty, which is often lacking in the 
risk matrix approach. The expert can be separated in two 
groups, for the likelihood it can be fixed by regulation, for 
instance. The use of Bayesian approach is also easier than 
fuzzy logic. Here we used the concept of having only an 
estimation by the expert of the PDFs for categories of 
consequences and of frequency belonging. But another solu- 
tion would have to give a PDFs for the frequency classes of 
each consequence level. It allows to extend the domain of 
hazard and consequences that are often not considered by 
experts. In addition, it does not only give one result, but also 
gives exceedance curves. 

The results obtained from a more classical risk analysis 
was greater than the one analyzed here (Limousin 2013), it 
gave 278’000.- CHF/year for 3 unstable masses. But since 
nearly 10 years no large event occurred, which has the 
consequence to lower the expert hazard assessment. Never- 
theless, there are several remaining problems: 


Consequence: Frequency Matrix as a Tool to Assess Landslides Risk 


100% 
90% 
80% 
70% 
60% 
50% 
40% 
30% 
20% 
10% 

0% 


Probability to excced the risk level 


p 


0 5 10 15 20 25 
Very low Low Medium High Very high 
Risk level 


Fig. 16 Curve of exceedance for risk levels divided in 5 categories 
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graph 


e The discretization of the value by classes which are not 
equal in width raises the problem of non-linearity and 
singular points at the limits of the classes. This must be 
further explored, especially using other PDFs or CDFs 
such as power law or exponential. 

e The way to calculate the risk and its distribution must be 
explored further, because the solution proposed is not 
unique. 

e The extension of the classes to infinite and to zero is a 
problem, the question is if the limits of classes are used for 
the return period or frequency or if the average of limits is 
used are chosen the problem are different. The sum of 
CFM probability matrix is equal to one. 
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Fig. 17 Exceedance curves for consequences 
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It is clear from above that risk matrix can integrate the risk 
reduction or the difficulty to reduce it along with the uncer- 
tainty. The use of PDF estimate is also a tool to see at which 
level to act, i.e., reducing high impact event or small impact 
event or both, such an approach permits to discriminate the 
solutions. In addition, we experienced in lectures that the use 
of risk matrix is a good way to promote collective work in a 
classroom and to address several different types of risks. 

We think that the present method improves some of the 
weaknesses of the matrix approach that can greatly support 
decision-making or may help for communicating in a better 
way the risks. 
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Abstract 


The International Consortium on Landslides, through the 
Sendai Partnerships 2015-2025 and the Kyoto Landslide 
Commitment 2020 for Global Promotion of Understand- 
ing and Reducing Landslide Disaster Risk, aims to support 
the implementation of the Sendai Framework for Disaster 
Risk Reduction. This involves various actions in which 
enhancing capacity building, knowledge transfer, and rais- 
ing awareness are sought. One of the problems related to 
people’s awareness of landslide disaster risk is their biased 
perception when landslides do not often occur in areas 
highly susceptible to such hazards. This study analyzes the 
expansion of the urban area of a community located in an 
area highly exposed to landslides. This was performed by 
producing high-resolution images and field observations 
using drones from 2007 to 2023. The spatiotemporal 
analysis indicates that in the last decade, landslides have 
not occurred. Therefore, recommendations are made to 
enhance landslide disaster risk awareness in a sustained 
manner. 


Keywords 


Landslide preparedness - Disaster risk awareness - 
Disaster risk reduction - Sustained policies - Risk percep- 
tion - Risk communication 


1 Introduction 


The goal of the Sendai Framework for Disaster Risk Reduc- 
tion is to “prevent new and reduce existing disaster risk 
through the implementation of integrated and inclusive eco- 
nomic, structural, legal, social, health, cultural, educational, 
environmental, technological, political and institutional 
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measures that prevent and reduce hazard exposure and vul- 
nerability to disaster, increase preparedness for response and 
recovery, and thus strengthen resilience” (UNISDR 2015: 
12). This should be achieved by implementing its four 
priorities for action: Priority (1) Understanding disaster risk; 
Priority (2) Strengthening disaster risk governance to manage 
disaster risk; Priority (3) Investing in disaster risk reduction 
for resilience; and Priority (4) Enhancing disaster prepared- 
ness for effective response and to “Build Back Better” in 
recovery, rehabilitation, and reconstruction. Although the 
Science and Technology Community plays a significant 
role in attaining all of them, by its nature, understanding 
disaster risk (Priority 1) is strongly associated with scientific 
commitment. 

The accomplishment of this priority at the national and 
local levels requires that landslide experts promote, among 
other issues, “national strategies to strengthen public educa- 
tion and awareness in disaster risk reduction, including 
disaster risk information and knowledge, through campaigns, 
social media, and community mobilization, taking into 
account specific audiences and their needs” (UNISDR 
2015: 15). 

The success of this endeavor, especially regarding land- 
slide disaster risk, relies on different strategies and initiatives, 
including the Sendai Partnerships 2015-2025 and the Kyoto 
Landslide Commitment 2020 for Global Promotion of 
Understanding and Reducing Landslide Disaster Risk 
(KLC2020). These undertakings promote landslide research 
and capacity building, including education for disaster risk 
reduction, especially in developing countries (Sassa 2015, 
2016). Of particular relevance for this chapter is the priority 
Action 5 of the KLC2020, which seeks to enhance open 
communication within society through integrated research, 
capacity building, knowledge transfer, awareness raising, 
training, and educational activities to enable societies to 
develop effective policies and strategies for reducing land- 
slide disaster risk, to strengthen their capacities for 
preventing hazards to develop into major disasters, and to 
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enhance the effectiveness and efficiency of relief programs 
(Sassa 2018, 2020). 

In light of these concerns, this study focused on analyzing 
the expansion of the urban area of a district highly exposed to 
landslides in the municipality of Teziutlan, Puebla, and its 
relationship with the spatial-temporal distribution of this type 
of process. In the following sections, this chapter addresses 
the need to reinforce disaster risk landslide awareness on a 
continual basis. A broad reflection on landslide exposure and 
awareness is provided in section two, followed by a descrip- 
tion of the studied area in sect. 3. Section 4 deals with the 
methodology. Results are provided in sect. 5 while conclud- 
ing remarks are presented in sect. 6. 


2 Landslide Exposure and Awareness 


The terms exposure and awareness are key for understanding 
disaster risk. According to the Oxford dictionary, while 
exposure involves being in a place or situation without pro- 
tection from something harmful or unpleasant, awareness 
means knowing something, knowing that something exists 
and is important. 

Exposure has been defined by UNISDRR (2017) as the 
situation of people, infrastructure, housing, production 
capacities, and other tangible human assets located in 
hazard-prone areas. In other words, it involves the compo- 
nent of location given by specific geographic coordinates to 
represent the dimension of space and its constituents that can 
be potentially affected by a hazard, in this case, landslides. 
Therefore, the term reflects a specific itemization of human- 
ness, socio-economic, material, cultural, and environmental 
assets that can be easily affected by hazards of diverse 
origins. Awareness of landslide exposure involves knowing 
that the potential occurrence of a landslide in a specific place 
is significant, and therefore information, knowledge, and 
actions must be developed. 

Awareness of landslide disaster risk (i.e., Solana and 
Kilburn 2003) is strongly linked to people’s perception of 
landslides (Alcantara-Ayala 2018). This topic is quite com- 
plex (Slovic 1987; Pidgeon et al. 1992) and needs to be 
properly addressed. However, although its analysis is beyond 
the scope of this chapter, it can be said that the perception of 
risk involves the explanations that people construct and con- 
ceive of understanding the dynamics of the complex 
interactions that give rise to risk; in other words, the latent 
or potential condition for one or several disasters to occur. 
These explanations are based on experiences (Barnett and 
Breakwell 2001), beliefs (Aucote et al. 2010), social and 
cultural frameworks, gender (Gustafson 1998), feelings, and 
needs (see Hernandez-Moreno and Alcantara-Ayala 2017; 
Alcantara-Ayala and Moreno 2016). 


R. J. Garnica-Pefia and I. Alcantara-Ayala 


Quite often, people reject the possibility of a disaster being 
repeated. The myth of personal invulnerability (Joffe and 
Joffé 1999) also plays a role in disaster risk perception and, 
thus, awareness. This involves recognizing the presence of a 
situation that can be regarded as a risk. Still, if it occurs, it is 
believed to impact somebody else, such as neighbors or 
people from another city, but those at risk are safe. This 
idea of avoiding acceptance (Finlay and Fell 1997) leads to 
a lack of awareness and preparedness, increasing vulnerabil- 
ity and disaster risk. 

Furthermore, disaster risk perception is also associated 
with understanding the spatial and temporal dimensions of 
the hazards, in this case, landslides. 

The problems of enacting a single long-term future 
associated with disaster risk management involve perceptions 
of people’s at-risk and quotidian priorities. While daily secu- 
rity and subsistence are in people’s minds, the occurrence of 
landslides is, by no effect, a priority. Nonetheless, under- 
standing landslide disaster risk in areas exposed to this type 
of hazard requires continuous raising of awareness, particu- 
larly when no disasters have occurred. 

How people measure time concerning the occurrence of 
disasters is very complex and deserves in-depth study. Based 
on field observations in provincial areas, it is recognized that 
the future is often measured based on personal, family, and 
collective interest events. Patronal festivities and local 
traditions are eagerly awaited, where medicinal artisans 
work with celebrants to forget the problems of reality, includ- 
ing those derived from disaster risk. 


3 Studied Area 


Teziutlan is in the northeast of Puebla province, in the Central 
East part of Mexico (Fig. 1). It has a population of 103,583. It 
comprises 32 localities, of which 62,849 people live in the 
municipal capital and the rest in towns of various sizes 
(INEGI 2021). Historically, this area has endured several 
disasters associated with rainfall-induced landslides that 
result from the combination of high-susceptible lithology 
and increasing exposure of vulnerable communities 
(Alcantara-Ayala 2004). Pyroclastic deposits generated 
from the Caldera de Los Humeros, along with overlaying 
sedimentary and metamorphic rocks, are the most critical 
lithological units susceptible to landsliding (Murillo-Garcia 
et al. 2019). 

The most severe landslide-associated disaster in this 
region occurred in October 1999. Dozens of landslides 
affected Teziutlan, where more than one hundred people 
lost their lives, and the economic impact was very high. 
Diverse investigations have documented various aspects of 
this disaster and the ingredients of landslide disaster risk in 
the municipality (Alcantara-Ayala et al. 2017, 2018). These 
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Puebla 


Fig. 1 Location of the studied area 

include understanding hazards (Garnica-Pefia and Alcantara- 
Ayala 2017), vulnerability, exposure (Garnica-Pefia et al. 
2021a, b), and different mechanisms to reduce landslide 
disaster risk (Alcantara-Ayala and Moreno 2016). 

In Teziutlan, disasters associated with landslides triggered 
by rainfall (Alcantara-Ayala 2004) continue to be viewed as 
an external, exogenous event during which the population 
plays no role other than cooperating during the response. 
Therefore, in addition to past efforts, there is a clear need to 
raise sustained mechanisms of landslide disaster risk aware- 
ness at the local level, at the time people at risk are embedded 
in activities that capture their interest, regardless of their 
nature. 


4 Methodology 


The analysis is based on material collected from 2007 to 
2023. A methodology combining the analysis of an available 
orthophoto from the National Institute of Statistics and Geog- 
raphy and images produced by Unmanned Aerial Vehicles 
(UAVs) was adopted to distinguish between the occurrence 
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of rainfall-triggered landslides and the effects of the expan- 
sion of the urban area (Fig. 2). 


4.1 Aerial Survey Using UAVs 

A couple of flights were made in the study area. The mobile 
application, Map Pilot Pro, was used in both cases. In this 
application, the area to be flown was defined, and parameters 
such as the flight height above the ground were established 
(which defined, together with the size of the image, the 
resolution of the acquired images), superimposition or frontal 
and lateral overlap, and movement speed of the equipment. 
Due to the size of the surface, it was necessary to use four 
batteries on each mission to cover the full area at the 
established height. 

Sometimes, in mountain zones with dense vegetation, a 
lack of information or coverage of ground conditions results 
when flights are carried out in only one direction. To avoid 
data gaps in aerial photography, UAV missions consisted of 
lines in a North-South and East-West direction to success- 
fully cover the entire study area. DJI Phantom 4 Pro equip- 
ment, consisting of a camera with a 1” sensor and 
20-megapixels effective resolution, was used for these 
missions. It also had an average autonomy of 20 min per 
battery. 

Once the images were acquired, they were processed in 
the Bentley ContextCapture software to obtain various 
products such as orthophotos, point clouds, digital surface 
models (DSM), and three-dimensional triangular mesh 
models. For this study, only photographic mosaics were 
used. The processing consisted of the following stages: 
(a) define the control points (ground control points), mooring 
points (tie points), and scale points were first defined; 
(b) aerial triangulation was undertaken; (c) a 3D mesh was 
then generated; and lastly, (d) orthophotos and digital surface 
models were created. 

For the flight carried out in April 2017 with the Phantom 
4 Pro equipment, the Map Pilot Pro application (Maps Made 
Easy©) was used. The flight had a W-E direction, at 150 m 
above the ground, with an 80% frontal and 80% lateral 
overlap. Additionally, an N-S flight was carried out, with a 
height above the ground of 150 m and an 80% frontal and 
80% lateral overlap. The number of photos acquired was 
739, and the orthophoto was generated at 9 cm-resolution. 

The Map Pilot Pro application (Maps Made Easy©) was 
used for the flight carried out in February 2023. The W-E and 
N-E flights were carried out 100 m above the ground, with a 
frontal and lateral overlap of 80%. Some 1866 photos were 
acquired. Additionally, the FPVCameraforDJI application 
was used with a Point of Interest (POD) flight mode to take 
oblique shots. Flight 1 was carried out at 50 and 60 m above 
the ground, with a radius of 55 m and 70 m and an inclination 
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Fig. 2 Strategy for the analysis of the expansion of the urban area 


of 36 to 42 degrees. Flight 2 was carried out at 65 m and 
70 m, with a radius of 75 m and 85 m and an inclination of 
35 to 40 degrees. The third flight was flown at 55 m and 65 m, 
with a radius of 55 m and 70 m, and an inclination of 
36 degrees. A total of 288 photos were acquired. Likewise, 
an additional manual flight was carried out to capture oblique 
shots every 3 seconds in the most exposed areas of the 
houses, through which 194 photos were acquired. The 
generated orthophoto had a resolution of 6 cm. 


4.2 Expansion of the Urban Area 


The expansion of the urban area was delimited directly from 
the images for the orthophotos produced for 2017 and 2023. 
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Using ESRI ArcGIS 10.8 software, three polygon vector 
layers were created, one for each revised date. In the edition 
of layers, the urbanized areas were delimited, and modified 
surfaces were calculated for each of the dates. It should be 
noted that it was not possible to carry out this action for older 
images. This was because the low spatial resolution did not 
allow us to differentiate and identify, in detail, the urban and 
the rural limits. For this reason, the 2007 orthophoto was 
prepared by INEGI, which had a resolution of 50 cm per 
pixel. 


4.3 Rainfall Series 

Monthly rainfall information for the Teziutlan rain gauge 
from 1991 to 2022 was extracted from two databases of the 
National Water Commission. However, the information from 
the years 1995 and 2003 was incomplete. 


5 Results 


UAVs have been widely used, especially during the last 
decade, to analyze the diverse aspects of landslide disaster 
risk, especially those characterizing landslide hazards 
(Garnica-Pefia and Alcantara-Ayala 2021). Following such 
an approach, it is possible to identify the expansion of the 
urban area of Juarez, Avila Camacho, and Lindavista 
neighborhoods. 

Although the original plan was to analyze a longer period, 
the quality of available images of the research area is not 
good enough to compare with information derived from the 
high-resolution images recently obtained using UAVs. 

According to the analysis, the study area has a surface of 
313,522 m?, of which one-third is currently built. The built 
area in 2007 was 98,906; a decade later, in 2017, it had only 
increased by 2,636 m”. However, in the following 5 years, it 
expanded to 7,537 m° (Table 1). 

Despite the lack of land-use planning implementation, the 
steep terrain greatly limits urban area expansion (Fig. 3). 
However, in some cases, this takes place vertically, increas- 
ing the load of the already landslide susceptible slopes. 

The entire municipality has been developed without con- 
sidering disaster risk management (Fig. 4). Even before the 
landslides of 1999, the occurrence of diverse disaster 
episodes called for the attention of regional and local 
authorities to consider incorporating the existing potential 
impact of hazards into policymaking 

However, the lack of coordination and accountability 
mechanisms at the subnational and national levels substan- 
tially limits progress in the municipalities and at-risk 
localities. Teziutlan has not been the exception. Efforts are 
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Table 1 Expansion of the 
Urban Area 


Urbanized area 
Study area surface 
Built area (total) 
Built area 2007 
Built area 2017 
Built area 2023 


heterogeneous regarding the local authorities’ particular 
interests. 

Using the landslide inventory developed by Murillo- 
Garcia and Alcantara-Ayala (2017), it is possible to identify 
the number of landslides in the area of interest. Accordingly, 
based on field observation and analyzing aerial photos and 
satellite images, 33 movements are recognized in an area of 
17,649.9 m’. Likewise, 3 landslides are identified as occur- 
ring in 1942, one in 1974, and 27 during the disaster of 
October 1999 (Table 2). 

The consequences of the 1999 disaster were particularly 
severe, and temporarily enhanced the preoccupation of the 
inhabitants and Civil Protection authorities. In 2013, two 


Fig. 3 Dwellings developed on landslide susceptible areas of Teziutlan 
municipality, Puebla, México 
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Surface m? Hectares 
313,522.4 31.35 
109,080.4 10.91 
98,906.3 9.89 
2636.8 0.26 
7537.3 0.76 


additional landslides were induced by rainfall. Since no 
casualties were involved, this episode was not a strong 
reminder of the 1999 events and, most importantly, what 
can take place in the future (Table 2). 

The spatial distribution of landslides in 2007 and their 
impact on inhabited dwellings are represented in Fig. 5. 
Now distinguishable is the development of houses on steep 
slopes, susceptible to landslides, expanding towards the bot- 
tom of the ravine. 

Figure 5 also shows the coalescence of two landslide 
deposits in the lower part of the ravine and their marginal 
impact on the community. Although a high percentage of the 
inhabited areas are not severely affected by the instability of 
the slopes, it is evident that some landslide crowns extend 
under the lower parts of the buildings. This has severe 
implications because of possible landslide reactivation. 

There was little population growth over the next decade 
and limited urban encroachment (Fig. 7). This slower evolu- 
tion could be linked to the development of housing areas in 
other areas of the municipal head booming over the 2007- 
2017 period. 

However, the dwellings constructed in the Juárez neigh- 
borhood are developed in areas with active landslides. In the 
Avila Camacho area, houses and landslides are encroaching 
on the bottom of the ravine (Fig. 6). In contrast, those in 
Lindavista continue to increase the load on the slopes with 
vertical constructions. 

It is important to mention that at the community level, for 
example, the Juarez neighborhood possesses a well- 
functioning local committee that solves societal problems 
through their community efforts. Unfortunately, landslides 
are of concern in most places only when landslides have 
occurred in the recent past (Fig. 7). 

The expansion of the urban area in Teziutlan has 
responded to the need to house people who immigrate from 
adjacent areas to work in the maquila, which is the main 
activity of the municipality. This leads to the creation of 
built landscapes of a mixed nature, in which the use of 
different materials with heterogeneous quality and resistance 
are used (Fig. 8). 

A larger area of urban development was identified in the 
analyzed image of 2023 (Fig. 9). Regardless of the previously 
recognized character of instability of the hillslopes, a 
vegetated slope in the Juarez neighborhood already affected 
by landslides is being transformed into an infrastructure zone. 
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Fig. 4 Images of the expansion of the urban area of the municipality of Teziutlan, Puebla, and the research area in 1956 and 2017 


This involves the construction of three buildings, presumably 
for housing (Fig. 10). To a much lesser degree, small 
dwellings have been built in the north-eastern sector of the 
Linda vista neighborhood and the southwestern portion of 
Avila Camacho (see Fig. 9). 

Development of the urban space in Teziutlan takes place 
without considering territorial planning and even less 
integrated disaster risk management. While the collective 
memory of authorities regarding past disasters associated 
with rainfall-induced landslides are easily erased by eco- 
nomic interests and profits, community memory is often 
shaped by risk perceptions on which pressing issues 
conceming livelihoods, essential needs, and quotidian 
problems prevail over landslide disaster risk awareness and 
preparedness. 

According to the available rainfall series, 2013, 2010, 
1999, 2017, and 1949 recorded the maximum annual 


Table 2 Temporal distribution of 
the number of landslides in the 
research area 


Landslides 

Number of landslides (total) 
Number of landslides 1942 
Number of landslides 1974 
Number of landslides 1999 
Number of landslides 2013 


precipitation amounts in descending order. These 
corresponded to 2733.20, 2020.60, 1983.30, 1958.50, and 
1949 mm of rain, respectively. The maximum monthly pre- 
cipitation occurred in September in all years, and together 
with the precipitation of October, it amounted to 1146.50, 
738, 942.5, 942.8, and 802.5 mm, correspondingly 
CONAGUA n.d.). 

Indeed, rainfall threshold analysis requires more detailed 
and complete information. Nonetheless, from Fig. 11, it can 
be observed that the year 2013 was the wettest of the last 
three decades. After that year, no more landslides occurred. 
Thus, communities are inclined to neglect the understanding 
and remembrance of the causality of disasters they have 
suffered in the past. Therefore, it is suggested that beyond 
highly technical efforts to evaluate landslide disaster risk, a 
sound program of landslide disaster risk awareness should be 
put in place permanently to raise the consciousness of people 


Number Area m? 
33 17,649.9 
3 1975.8 
1 228.7 
27 15,021.8 
2 423.6 
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Fig. 5 Expansion of the urban area and spatial distribution of landslides on the inhabited dwellings in 2007 


Fig. 6 Housing continues to be built, moving toward the bottom of the 
ravines, lacking proper drainage systems 


at risk about the importance of working together and the 
necessity to avoid the construction of new risks. 


6 Concluding Remarks 


The skewed expansion of urban areas and the potential 
impacts of climate change (Adler et al. 2022) are among the 
most significant controls of landslide risk in Teziutlan, 
Puebla, México; a mountain zone highly susceptible to hill- 
slope instability. This condition requires the significant 
involvement of authorities and communities in order to 
understand and address landslide disaster risk. The latter is 
strongly linked to the perception of risk. 

Landslide disaster risk perception plays a key role, not 
only in terms of behavior, but as a basic element to improve 
community awareness and preparedness of authorities ori- 
ented toward disaster risk management (Landeros-Mugica 
et al. 2016). This goes hand-in-hand with risk communication 
as a process in which, starting from their original perceptions, 
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Fig. 7 Expansion of the urban area and spatial distribution of landslides on the inhabited dwellings in 2017 


it is possible to lead people to an adequate perception and to 
become aware of the risk involved. 


Fig. 8 Built landscapes of a mixed nature have been constructed for 
immigrants who work for the maquila 


Landslide disaster risk awareness requires significant 
efforts since it is closely related to people’s perception of 
risk. Consequently, it is important to design strategies to raise 
awareness and sustain such educational attempts over time. 

Although exploratory in nature, the analysis carried out in 
the paper provides insights and recommendations to support 
landslide disaster risk awareness by suggesting future actions 
at the local level. A key recommendation is to implement a 
landslide disaster risk awareness program during the main 
festivities and traditional gatherings organized in the munici- 
pality. Likewise, education and religious institutions, along 
with places of work and transport, should incorporate spaces 
for information dissemination. There are several challenges 
attached to this type of initiative, including the difficulty of 
landslides occurring through time, in other words, not only 
during the rainfall season but throughout the year. 

Likewise, programs and content should be directed to each 
population group, and when possible, they should include 
education programs at all levels. Finally, we recognize that 
only with this kind of radical effort can science and 
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Fig. 10 New buildings constructed in areas highly susceptible to 
landslides in the Juárez neighborhood, 2023 
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Fig. 11 Monthly precipitation 3000 
data at the Teziutlan, Puebla rain 
gauge, from 1991 to 2022 a Jul 
(Source: adapted from 2500 
CONAGUA n.d.) 
€ 2000 
E 
S 
2 
a 1500 
= 
2 
o 
© 1000 
oa 
500 


1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
2003 
2004 
2005 
2006 
2007 
2008 
2009 
2010 


technology be intertwined with a solid commitment to the 
betterment of society (Alcantara-Ayala and Sassa 2021). 
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Landslides in Higher Education Curricula and Beyond 


Matjaž Mikoš 


Abstract 


Education is a human right and plays a decisive role in 
capacity building from the pre-school level to profes- 
sional, under-, and postgraduate university study 
programmes in higher education institutions and beyond, 
such as summer schools or as a part of lifelong education 
for a general audience. It gives us a profession or helps the 
general population and diverse stakeholders (e.g., policy 
and decision makers) increase society’s resilience against 
natural hazards, such as landslides. Thus, education finds a 
principal place also in numerous international documents 
accepted by the UN organizations. 

The article looks at education as a topic of international 
strategic documents on disaster risk reduction. It uses 
diverse web tools and databases to assess worldwide 
efforts in teaching/education on landslides and their 
disaster risk reduction at higher education levels and 
beyond. The focus is on the higher education study 
programmes offering courses on slope stability and land- 
slide mitigation. This topic is widely covered by study 
programmes in the field of disaster risk management and 
classical study programmes in civil, geological, geotech- 
nical engineering, as well as in geology and geography. 
The second cycle covers the landslide topic, i. e. master 
study programmes and university programmes are 
prevailing. There is an apparent lack of academic 
programmes offered as blended programmes or distance 
learning programmes in disaster risk reduction, including 
landslide risk. Certificates and diploma levels prevail 
among academic programmes offered as online courses 
or continuing education. 

The web search found a few (summer) schools dedi- 
cated to landslide topics and a variety of other open-access 
material that can be used for education and capacity 
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building, such as blogs, databases, teaching tools, 
presentations, or video lectures. 

The International Consortium on Landslides might 
offer collected information in this article on its web 
pages under the topic “Educational tools” and then open 
it up to their members and landslide community to con- 
tribute to the content by sending links to elsewhere freely 
available educational material in landslide disaster risk 
reduction. 


Keywords 


Disaster Risk Reduction - Higher education - Landslides - 
MOOCs - Summer schools - Sustainable Development 
Goals - University curricula 


1 Introduction 


1.1 General Views on Higher Education 

Article 26 of the United Nations Universal Declaration of 
Human Rights (UDHR) states “Everyone has the right to 
education. Education shall be free, at least in the elementary 
and fundamental stages. Elementary education shall be com- 
pulsory. Technical and professional education shall be made 
generally available and higher education shall be equally 
accessible to all on the basis of merit.” (UN 1948). 

The Sendai Framework for Disaster Risk Reduction 
2015-2030 (UNDRR Preventionweb 2015) supports educa- 
tion as one of the strategic tools for its implementation. The 
term “culture of prevention and education” is used. 

For the SFW “Priority 1: Understanding disaster risk”, at 
the national and local levels, it is important to (UNDRR 
Preventionweb 2015; 24(g); 24(1)): 


— To build the knowledge of government officials at all 
levels, civil society, communities and volunteers, as well 


as the private sector, through sharing experiences, lessons 
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learned, good practices and training and education on 
disaster risk reduction, including the use of existing train- 
ing and education mechanisms and peer learning; 

— To promote the incorporation of disaster risk knowledge, 
including disaster prevention, mitigation, preparedness, 
response, recovery, and rehabilitation, in formal and 
non-formal education, as well as in civic education at all 
levels, as well as in professional education and training; 


Understandably, landslides are not mentioned in these 
documents separately from other disasters and are covered 
under the more general topic of disaster risk reduction. 

The Global Alliance for Disaster Risk Reduction & Resil- 
ience in the Education Sector (GADRRRES) is a multi- 
stakeholder platform comprised of UN Agencies, Interna- 
tional Non-Governmental Agencies, other leading humani- 
tarian and development organizations, and similar regional 
alliances, advocating for and supporting child rights, resil- 
ience, and sustainability in the education sector. In 2022, the 
“Comprehensive School Safety Framework 2022-2030—for 
Child Rights and Resilience in the Education Sector” was 
published (GADRRRES 2022). The framework provides a 
comprehensive approach to resilience and safety from all 
hazards (including landslide/rockslide, debris or mud-flow 
and glacial lake outbursts) and all risks confronting education 
and child protection sector populations, systems, and 
programs. It supports access, quality, and management 
strategies in the education sector. 

Recently, UNESCO published a new social contract under 
the motto “Futures for Education’—a global initiative to 
reimage how knowledge and learning can shape the future 
of humanity and the planet (UNESCO 2021). The report 
stresses the need for quality education throughout life (life- 
long learning) and asks universities and other higher educa- 
tion institutions to be active in every aspect of building a new 
social contract for education. The topic of landslides, land- 
slide research and technology, and landslide disaster risk 
reduction is clearly an education topic that must incorporate 
reinvented higher education goals, such as inter and intra- 
disciplinarity, lifelong learning approach, or programme 
diversity and flexible learning pathways (UNESCO 2022a). 

Education is also strongly integrated into the IHP-IX 
Strategic Plan of the Intergovernmental Hydrological 
Programme (UNESCO IHP) entitled “Science for a Water 
Secure World in a Changing Environment’ (UNESCO 
2022b). This Ninth Phase of the UNESCO IHP is running 
in the period 2022-2029, sets one of five Performance 
Indicators (PI) as PI 2: The number of Member States with 
enhanced water informal, formal, and non-formal education 
at all levels, and as one five Priority Areas (PA) as PA 2: 
Water education in the Fourth Industrial Revolution includ- 
ing Sustainability (UNESCO 2022b). This document lists 
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among the challenges and opportunities also water security 
as the capacity of a population to ensure efficient protection 
of life and property against water-related hazards such as 
floods, landslides, land subsidence, and droughts. 

The International Consortium on Landslides (ICL) 
accepted the Final Draft of the Kyoto 2020 Commitment 
for Global Promotion of Understanding and Reducing Land- 
slide Disaster Risk which was signed by the first signatories 
in September 2019 (Sassa 2019). This commitment supports 
the implementation, follow-up, and review of the Sendai 
Framework 2015-2030, the UN 2030 Agenda for Sustain- 
able Development, the New Urban Agenda, and the Paris 
Climate Agreement as it addresses the adverse effects of 
climate change. 

The text of KLC2020 is available on the ICL web (ICL 
2023b). Among the accepted 10 priority actions, Action 
5 deals with: “The promotion of open communication with 
local governments and society through integrated research, 
capacity building, knowledge transfer, awareness-raising, 
training, and educational activities, to enable societies and 
local communities to develop effective policies and strategies 
for reducing landslide disaster risk, to strengthen their 
capacities for preventing hazards from developing into 
major disasters, and to enhance the effectiveness and effi- 
ciency of relief programs.” (ICL 2023b). 


1.2 The Focus of this Article 

The research questions in this article were: (i) assess the 
importance of higher education on specific landslides in 
selected international strategic documents on disaster risk 
reduction, and (ii) assess the worldwide efforts in teaching/ 
educating on landslides and their disaster risk reduction in 
higher education curricula and beyond—in a more open 
education forms that are also offered by the International 
Consortium on Landslides. 


2 Materials and Methods 


The United Nations Office for Disaster Risk Reduction 
(UNDRR) Prevention web pages offer among other educa- 
tional resources also, a list of academic programmes in 
disaster risk reduction (UNDRR 2022a, b). The platform 
offers 300+ academic programmes in the field of disaster 
risk management, at the following levels: bachelor, master’s, 
certificate/diploma, and doctorate, and of the following types: 
blended programme, continuing education, distance learning, 
online courses, and academic programmes. 

When searching for master studies around the world, web 
pages of the FindA University, Sheffield, UK, and their search 
platform “FindAMaster’, launched in 2004, were used 
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(FindA University 2023). The platform is a directory of nearly 
25,000 master’s degrees and postgraduate qualifications at 
universities around the world—it includes Master’s degree 
programmes, including part-time, distance learning, Master 
of Arts (MA), Master of Science (MSc), MBA (Master of 
Business Administration), Master of Research (MRes), and 
Master by Research (MPhil) programmes as well as other 
postgraduate study opportunities. 

Another tool applied was the Studyportal (2023), offering 
200,000+ courses at 3750+ educational institutes across 
110 countries. The offered portals for each of the three 
Bologna cycle study programs: Bachelor degrees (www. 
bachelorsportal.com, 105,000+ Bachelors), Master degrees 
(www.mastersportal.com, 85,000+ Masters), and Ph.D. 
degrees (www.phdportal.com, 6000+ PhDs). Study 
programmes at each portal can be searched in 18 fields, 
such as Engineering & Technology, or Natural Sciences & 
Mathematics. 

Furthermore, Google Search was performed using 
keywords: university, higher education, landslides, disaster 
risk control, certificate, certified. 

Finally, we search the Web of Science (Clarivate Analyt- 
ics 2023) using the keywords “summer school” AND “land- 
slide”. Also, the web portal for summer schools in Europe 
(www.summerschoolsineruope.eu) was tried to find landslide 
disaster risk reduction events. 


3 Results and Discussion 
3.1 Background Studies on Landslides 
and Study Programmes 


Searching the SCOPUS and Web of Science databases for 
published studies on study programmes or courses regarding 
slope stability or landslides (mass movements, debris flows) 
revealed only a few published studies on this topic. 

Beverfjord and Thakur (2008) reported on two quick clay 
slides in Norway, and how these two case studies have 
impacted the teaching at the Norwegian University of Tech- 
nology and Science (NTNU), Trondheim, Norway, provided 
by the Geotechnical Group at NTNU—amainly in the form of 
the International Master programme in Geotechnics and 
Geohazards. 

Ozkazanc and Yuksel (2015) acknowledged the need for 
disaster mitigation education by determining the level of 
disaster awareness of students of Gazi University Faculty of 
Architecture, City and Regional Planning in Turkey. 

Munoz et al. (2020) analyzed school safety and disaster 
education in South America (Brazil, Colombia) and the 
Caribbean (Cuba, the Dominican Republic, Jamaica, and 
Puerto Rico) in order to increase understanding of natural 
hazards and disaster preparedness. 
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Lo Presti (2013) reported on the intrinsic advantages and 
possible drawbacks of an inductive teaching approach at the 
University of Pisa (Italy) in the master course in Civil Engi- 
neering of Infrastructures, teaching a class on “slope stabil- 
ity” on the basis of a real case study. A later study reported on 
three-year experiences with this teaching approach (Giusti 
and Lo Presti 2015). Dewi (2020) on the other hand, stresses 
that combining fieldwork and research was possible to gain 
geography students’ understanding of disaster risk reduction 
in the school community especially in disaster-prone areas 
such as Central Java, Indonesia. Ranglund et al. (2018) report 
on student gaming and active scenario building using differ- 
ent platforms during a Bachelor in Crisis Management and 
Communication course at The Inland Norway University of 
Applied Sciences. A virtual town was programmed in which 
different bad things happen, among them landslides. The 
students’ reactions were very positive. These studies stress 
the importance of studying landslide disaster risk reduction in 
real cases, and it would be of great importance to have 
detailed databases on such landslide cases around the world 
so that educators can select appropriate cases and use them in 
the curriculum. 

The need to incorporate natural hazards mitigation and 
strategies into engineering study programmes was not studied 
much in periodicals; two studies deal with civil engineering 
curriculum (Perdomo and Pando 2014; Cross and 
Kaklamanos 2017). Another recently published study looked 
at physics education students at Tadulako University in 
Indonesia, and their understanding on the environmental 
concept of landsliding (Hatibe et al. 2020). Similarly, a 
study by Labibah et al. (2020) aimed to find out the role of 
integrated landslide disaster education in physics subject 
viewed from high school student’s preparedness in Kulon 
Progo, Yogyakarta in Indonesia, and concluded that it is very 
crucial to be implemented in learning and teaching activities 
using integrated learning model to raise disaster preparedness 
and students’ science knowledge. 

Guo et al. (2020) realized that landslide hazard education 
to the public could enhance their awareness of disaster risk. 
Since current disaster education is mainly aimed at students 
and ambulance personnel, where education methods focus on 
textbook teaching and professional training, there is a lack of 
effective communication channels between educators and the 
public. Hence, they proposed a visual representation method 
of landslide hazards, focusing on the combination of dynamic 
and static visual representation frameworks. This study 
stresses the potential of technologies such as augmented 
reality and visualization techniques in disaster risk dialogue 
and teaching natural hazards. 

Sezgin and Cirak (2021) studied the role of Massive Open 
Online Courses (MOOC) in engineering education using an 
exploratory systematic review of peer-reviewed literature. 
Their study’s findings indicate that online virtual labs, social 
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networks, flipped classroom strategy, active learning, small 
private online courses, and motivation are the key lodestar 
topics in “MOOCs in engineering education research” and 
engineering education researchers mostly employ practice- 
based and quantitative research approaches. Looking at Web 
of Science and using the search “MOOC AND disaster” in 
Topic (title, abstract, author keywords, Keywords Plus), 
yielded only 3 results, using the search “MOOC AND land- 
slide*” yielded no hits whatsoever. 


3.2 Academic Programmes in Disaster Risk 


Management 


Using the PreventionWeb platform, over 300+ academic 
programmes were retrieved from the database—the details 
on the level and type of these programmes are given in 
Table 1. 

Most academic programmes in disaster risk management 
are university programmes, among online courses certificates 
and diploma, are the most frequent levels; the same is true for 
continuing education. Not many academic programmes are 
offered as Ph.D. (Doctor of Philosophy), i.e., doctoral studies 
in disaster risk reduction. There is still much free room for 
distance learning courses and online courses of disaster risk 
reduction; this is also true for landslide disaster risk 
reduction. 


3.3 University Study Programs in Disaster 


Risk Reduction & Management 


Using FindAMaster platform, in total 35 master’s degrees 
were found as of February 2023 in disaster risk reduction. 
The offered degrees are from Master of Science (MSc), 
Master of Arts (MA), and Master of Research (MRes), over 
Postgraduate Certificates (PG Cert) to Postgraduate Diploma 
(PG Dip). The search results are presented in Table 2. Using 
the same platform again, 14 master’s degrees and 1 Ph.D. 
degree were found as of February 2023 in the field of land- 
slide(s). The search results are presented in Table 3. 


M. Mikoš 


Using the Studyportals (2023) and searching for master’s 
degrees, within the discipline “Applied Sciences & 
Professions” and in the field of “Emergency & Disaster 
Management”, there are 202 master’s degrees—131 degrees 
were offered as on-campus learning, 89 degrees as on-line 
learning, and 10 as blended learning (several options for each 
degree were possible). Out of 202 degrees, 93 are offered in 
North America, 63 in Europe, 24 in Oceania, 19 in Asia, only 
3 in Africa, and none in South America. In Table 4, selected 
master’s degrees out of 202 degrees listed in the Master 
portal are presented with links to the study programmes 
description. Comparably, using the Bachelor portal and the 
PhD portal, for the field of “Emergency & Disaster Manage- 
ment”, there are 148 bachelor’s degrees offered (110 in the 
North America, and 30 in Europe, and a few elsewhere), and 
only 3 PhD degrees. 

Using the Google search for academic programmes, some 
results are presented in Table 5. Among other institutions, the 
University of Geneva offers a Specialization Certificate for 
the Assessment and Management of Geological and Climate 
Related Risk with a stand-alone Landslide Risk module 
(UG 2023). This module addresses landslide risk assessment: 
description and characterization and mechanisms of slope 
movements, such as landslide, rock instabilities, and debris 
flows are discussed; an overview of hazard, risk assessment 
and mapping are provided, including empirical and modeling 
approaches; finally protective measures are discussed. Uni- 
versity of Twente offers a Master of Science programme in 
Geo-information Science and Earth Observation with eight 
specializations, including Natural Hazards and Disaster Risk 
Reduction (UT 2023). 

The Massive Open Online Courses (MOCCs), invented in 
2008 as a distance education tool, were widely introduced 
into education and distance learning in 2012. They are online 
teaching form reaching large numbers of students and are to 
be distinguished from traditional face-to-face classroom 
teaching. MOCCs that were found on the web using Google 
search and are related/covering topics on slope stability and 
landslides are presented in Table 6. Quite some courses are 
available for free of different levels (no prior knowledge 
necessary), can be absolved after enrolling before flexible 


Table 1 Academic programmes found as of early February 2023 in the PreventionWeb platform in disaster risk reduction (UNDRR 2022b) 


Academic programme level 


Academic programme type Bachelor 
Blended programmes 1 
Continuing education 1 
Distance learning 3 

Online courses 1 
University programmes 36 


Certificate/Diploma Masters Doctorate 
3 7 0 

15 1 0 

7 2 0 

19 8 0 

58 115 24 
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Table 2 The selected master’s degrees in disaster risk reduction as of early February 2023, using the FindAMaster platform (www.findamasters. 


com), sorted by the institution name 


University Title of the program 


Bournemouth university MSc—Disaster management 


Coventry University MSc—Disaster management and 


resilience 
PGCert—Disaster, risk and resilience 


Durham University MA—Climate, risk & society 
MA—Environmental Hazards & Risk 
MSc—Climate, risk & society 
MSc—Environmental Hazards & Risk 


Loughborough University © MSc—Flood modelling and 


management 


Northumbria University, 
Newcastle 


MSc—Disaster management and 
sustainable development 


TATA Institute of Social 
Sciences, Mumbai 


MA / MSc—Disaster management 


MSc—International disaster 
management 

MSc—International disaster 
management and humanitarian response 


University of Manchester 


University College 
London (UCL) 


MSc / PG dip—Earthquake engineering 
with disaster management 

MSc / PG dip—Engineering for 
international development 

MSc / PG cert—Space risks & disaster 
reduction 


MRes—risk and disaster reduction 


MSc / PG dip—Risk, disaster and 
resilience 


University of Bristol MSc—Earthquake engineering and 


infrastructure resilience 
University of Derby MSc—Intelligence, security and 
disaster management 
MSc—Geo-information science and 


earth observation 


University of Twente 


Van Hall Larenstein, 
University of Applied 
Sciences 


MSc—Management of Development— 
Specialisation disaster risk management 


deadlines, following its own pace, and allow even getting a 
certificate for reasonable money after a successful completion 
of the course. 


3.4 Selected Summer Schools on Landslides 


A search in January 2023 in the Web of Science Core Collec- 
tion (Clarivate Analytics 2023) using a search combination 


Source 


https://www.findamasters.com/masters-degrees/course/msc-disaster- 
management/?i2 1d4134c50143 


https://www.findamasters.com/masters-degrees/course/disaster- 
management-and-resilience-msc/?i49d2694c2601 


https://www.findamasters.com/masters-degrees/course/disaster-risk- 
and-resilience-pgcert/?i49d2694c65862 


https://www.findamasters.com/masters-degrees/course/ma-climate-risk- 
and-society/?167d5259c17271 


https://www.findamasters.com/masters-degrees/course/ma- 
environmental-hazards-and-risk/?167d5259c69422 


https://www.findamasters.com/masters-degrees/course/msc-climate- 
risk-and-society/?i67d5259c69421 


https://www.findamasters.com/masters-degrees/course/msc- 
environmental-hazards-and-risk/?167d5259c69423 


https://www.findamasters.com/masters-degrees/course/msc-flood- 
modelling-and-management/?i153d6593c66891 


https://www.findamasters.com/masters-degrees/course/msc-disaster- 
management-and-sustainable-development-1-year-full-time/? 
1180d8389c60164 


https://www.findamasters.com/masters-degrees/course/master-of-arts- 
master-of-science-disaster-management-mumbai-campus/? 
13729d8877c695 17 


https://www.findamasters.com/masters-degrees/course/msc- 
international-disaster-management/?i332d4473c28896 


https://www. findamasters.com/masters-degrees/course/msc- 
international-disaster-management-and-humanitarian-response/? 
1332d4473c61743 


https://www.findamasters.com/masters-degrees/course/earthquake- 
engineering-with-disaster-management-msc-pg-dip/?i274d1826c20036 


https://www.findamasters.com/masters-degrees/course/engineering-for- 
international-development-msc-pg-dip/?i274d1826c35277 


https://www.findamasters.com/masters-degrees/course/space-risks-and- 
disaster-reduction-msc-pg-cert/?i274d1844c45247 


https://www.findamasters.com/masters-degrees/course/risk-and- 
disaster-reduction-mres/?i274d87 12c24436 


https://www.findamasters.com/masters-degrees/course/risk-disaster- 
and-resilience-msc-pg-dip/?i274d87 12c40321 


https://www.findamasters.com/masters-degrees/course/earthquake- 
engineering-and-infrastructure-resilience-msc/?i287d6200c48844 


https://www.findamasters.com/masters-degrees/course/intelligence- 
security-and-disaster-management-msc/?i295d3397c50014 


https://www.findamasters.com/masters-degrees/course/geo- 
information-science-and-earth-observation-msc/?i754d89 13¢70327 


https://www.findamasters.com/masters-degrees/course/master-of- 
management-of-development-msc-specialisation-disaster-risk- 
management/?1962d6062c22679 


“summer schools” AND “landslide” yield only 7 hits, among 
those the following ones presented below. 


e One-week Innsbruck Summer School of Alpine Research 
2015 on close-range sensing techniques in Alpine terrain 
in Obergurgl, Austria, by an international team from sev- 
eral universities and research centers (Rutzinger et al. 
2018). Of the applicants, a group of 40 early career 
researchers was selected with interest in about ten types 
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Table 3 The Master and PhD degrees covering the topic of landslides as of early February 2023, using the FindAMaster platform (www. 
findmasters.com) and Keystone Masterstudies platform (www.masterstudies.com), sorted by the institution name 


University 
Aberdeen University, UK 


Cardiff University, UK 


Durham University, UK 


Hong Kong University of 
Science and Technology, 
China 


Massey University, 
New Zealand 


Newcastle University, UK 


University College London 
(UCL), UK 


Université Côte d’ Azur, 
France 


University of Otago, 
New Zealand 
University of Padua, Italy 


University of Pavia, Italy 


University of Plymouth, UK 


University of Portsmouth, 
UK 


Title of the program 
MSc—Advanced mechanical 


engineering 
MSc—Environmental hazards 
MA—Environmental Hazards & Risk 


MSc—Environmental Hazards & Risk 


MPhil—Civil engineering 


MSc—Geography 


MPhil—Civil engineering (water 
resources) 
MSc—Geophysical hazards 


MSc—Environmental hazards and risk 
management 


MAppSc—Applied geology 
MSc—Geology 
Water and geological risk engineering 


MSc—Environmental engineering— 
Reach: REsilience to climAte CHange 
effects 

MSc—Civil engineering for mitigation 
of risk from natural hazards 


ResM—Geological sciences 


PhD—Environment, geography and 
geosciences 


MSc—Geological and environmental 
hazards 


of specialized surveying tools, i. e. laser scanners, a 
remotely piloted aircraft system, a thermal camera, a 
backpack mobile mapping system, and different grade 
photogrammetric equipment. 

e The Geoinformatics Building Technology and Research 
Centre, Department of Civil Engineering, Chitkara Uni- 
versity, Himachal Pradesh organized a “Natural Resource 
Database Management System—Department of Science 
and Technology (NRDMS—DST) sponsored 21-day 
Summer School on Geospatial Technologies (Level 2) 
Mountain Disaster Management—Landslide” from 9 to 
29th May 2019 (Prakasam et al. 2022). The theme of the 
training programme was “Landslide Disaster Management 
and Modelling through various geospatial technologies, 
hands-on approach, and field training”. Participants from 


Source 


https://www.findamasters.com/masters-degrees/course/advanced- 
mechanical-engineering-msc/?i2d4439c46741 


https://www.findamasters.com/masters-degrees/course/ 
environmental-hazards-msc/?i33d2698c59177 


https://www.findamasters.com/masters-degrees/course/ma- 
environmental-hazards-and-risk/?i67d5259c69422 


https://www.findamasters.com/masters-degrees/course/msc- 
environmental-hazards-and-risk/?i67d5259c69423 


https://www.findamasters.com/masters-degrees/course/master-of- 
philosophy-in-civil-engineering/?i1 175d8726c66299 


https://www.findamasters.com/masters-degrees/course/msc- 
environmental-hazards-and-risk/?i67d5259c69423 


https://www.findamasters.com/masters-degrees/course/civil- 
engineering-water-resources-mphil/?i177d7800c9419 


https://www.findamasters.com/masters-degrees/course/geophysical- 
hazards-msc/?i274d1839c20112 


https://www.findamasters.com/masters-degrees/course/msc-in- 
environmental-hazards-and-risk-management/?i336d8370c62864 


https://www.findamasters.com/masters-degrees/course/master-of- 
applied-geology-mappsc/?i653d6470c58949 
https://www.findamasters.com/masters-degrees/course/master-of- 
geology-msc/?i653d6470c58981 


https://www.findamasters.com/masters-degrees/course/water-and- 
geological-risk-engineering/?i1283d7794c638 14 
https://www.findamasters.com/masters-degrees/course/ 


enviromental-engineering-curriculum-in-reach-resilience-to-climate- 
change-effects/?i1940d8374c68290 


https://www.masterstudies.com/Master-degree-in-Civil- 
Engineering-for-Mitigation-of-Risk-from-Natural-Hazards/Italy/ 
Uni-Pavia/ 


https://www.findamasters.com/masters-degrees/course/resm- 
geological-sciences/?i341d764c63976 


https://www. findamasters.com/masters-degrees/course/environment- 
geography-and-geosciences-distance-learning-phd/? 
1343d750c65336 


https://www.findamasters.com/masters-degrees/course/geological- 
and-environmental-hazards-msc/?i343d750c492 


various backgrounds, such as researchers, academicians, 
scientists, administrative staff, NDMA & NDREF officers, 
have been selected to attend the summer school. The 
training programme mainly focused on various aspects 
of landslides, such as vulnerability and risk assessment, 
slope stability assessment and stabilization measures, field 
techniques for collecting data, and high-resolution 2D and 
3D modelling. 

A Summer School on “Landslides and Slope Stability 
Analysis in Rwanda” took place in 2022 at Rwanda 
Polytechnic—College of Musanze (Rwanda) (Valentino 
et al. 2023). The Summer School was organized by the 
hosting institution (Rwanda Polytechnic—College of 
Musanze) in cooperation with the University of Parma 
(Italy), Rwanda Water Resources Board (RWB), and 
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Table 4 The selected master’s degrees in emergency & Disaster Management as of early February 2023, using the Master portal platform (www. 
mastersportal.com), sorted by the institution name 


University 

Georgetown University, 
Washington D.C, USA 
National Taiwan University, 
Taipeh, Taiwan 

University College London, 
London, United Kingdom 


University of Canterbury, 
Christchurch, New Zealand 
University of Manchester, 
Manchester, United Kingdom 
University of Newcastle, New 
South Wales, Australia 


York University, Toronto, Canada 


Title of the program 


Master—International emergency 
and disaster management 


MSc—Disaster risk reduction and 
resilience 

MSc—Risk and disaster science 
MSc—Risk, disaster and resilience 


MSc—Risk and disaster reduction 


Master—Disaster, risk and resilience 


MSc—International disaster 
management 

Graduate certificate—Disaster risk 
reduction 

Master—Disaster and emergency 
management 


Source 


https://www.mastersportal.com/studies/36358 1/international- 
emergency-and-disaster-management.html 
https://www.mastersportal.com/studies/367568/disaster-risk- 
reduction-and-resilience.html 
https://www.mastersportal.com/studies/270375/risk-and- 


disaster-science.html 


https://www.mastersportal.com/studies/41933/risk-disaster-and- 


resilience.html 


https://www.mastersportal.com/studies/41598/risk-and-disaster- 


reduction.html 


https://www.mastersportal.com/studies/320283/disaster-risk- 


and-resilience.html 


https://www.mastersportal.com/studies/72553/international- 
disaster-management.html 


https://www.mastersportal.com/studies/29956 1/graduate- 
certificate-in-disaster-risk-reduction.html 


https://www.mastersportal.com/studies/9 1066/disaster-and- 
emergency-management.html 


Table 5 The master’s degrees that offer courses on slope stability and landslides as of early February 2023, using the Google search platform 
(www.google.com), sorted by the institution name 


University 


EPFL, Lausanne, 
Switzerland 


National Graduate Institute 
for Policy Studies (GRIPS), 
Tokyo, Japan 

Norwegian University of 
Science and Technology 
(NTNU), Norway 


University of Geneva, 
Switzerland 


University of Calgary, 
Alberta, Canada 


University of Genoa, Italy 


ic 


niversity of Pavia, Italy 


niversity of Pennsylvania, 
SA 

niversity of Twente, 
etherlands 


zocc 


University of Wisconsin— 
Madison, USA 

Western University, Ontario, 
Canada 


Title of the program 
MSc—Civil engineering 


Master — 
Disaster management 


MSc—Geotechnics and Geohazards & 
MSc—Geotechnology 


Specialisation certificate for the 
assessment and Management of 
Geological and Climate Related risk 


MSc—Civil engineering 


MSc—Engineering for natural risk 
management 

MSc—Civil Engineering for Mitigation of 
Risk from Natural Hazards 
MSc—Applied geoscience 


MSc—Geo-information science and earth 
observation 


Interdisciplinary professional program 


MSc—Civil and environmental 
engineering 


Course on 
Landslides 
CIVIL-530 slope 
stability 

Control measures 
for Landslide & 
Debris Flow 
TGB4290 
landslides 
TBA5150 
Geohazards and 
risk 

Landslide risk 
module 


ENCI 

675 landslides and 
slope stability 
94,641 landslide 
hazards 

GEO05 landslide 
hazard and risk 
GEOL 672690 
Landslides 


Data-driven 
Hazard modelling 
Disaster risk 
management 
Physically-based 
Hazard modelling 


Slope stability and 
landslides 
CEE9621a 
landslides and 
slope stability 


Source 


https://edu.epfl.ch/coursebook/en/slope- 
stability-CIVIL-530 


https://www.grips.ac.jp/en/education/inter_ 
programs/disaster/ 


https://www.ntnu.edu/studies/courses/ 
TGB4290 
https://www.ntnu.edu/studies/courses/ 
TBA5150 


https://www.unige.ch/sciences/terre/ 
CERG-C/training/terrain/ 


https://contacts.ucalgary.ca/info/enci/ 
courses/f21/ENCI675 


https://corsi.unige.it/en/off.f/202 1/ins/ 
51119 


http://civrisk.unipv.it/hyris/landslide- 
hazard-and-risk-2/ 
https://www.lps.upenn.edu/courses/ 
landslides/2021a 


https://study guide. itc.nl/m-geo/all-courses/ 
201800282/data-driven-hazard-modelling 
https://study guide. itc.nl/m-geo/all-courses/ 
201800304/disaster-risk-management 
https://study guide. itc.nl/m-geo/all-courses/ 
201800289/physically-based-hazard- 
modelling 
https://interpro.wisc.edu/courses/slope- 
stability-and-landslides/ 
https://www.eng.uwo.ca/civil/graduate/ 


current_students/graduate_courses/CEE- 
962 1a-2020-outline.pdf 
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Table 6 The Massive Open Online Courses (MOOCs) also covering topics on slope stability and landslides as of mid-February 2023, using the 
Google search platform (www.google.com), sorted by the institution name 


Institution 
EO4GEO alliance & ISPRA, Italy 


École Polytechnique Fédérale de Lausanne (EPFL), 
Lausanne, Switzerland 


Hong Kong University of Science and Technology 
(HKUST), China 


GEOMAR Helmholtz Centre for Ocean Research, Kiel & 
Kiel University, Germany 


TH Köln—University of Applied Sciences, Germany— 
regional climate and disaster resilience e-learning 
platform 

University of Alaska, Fairbanks, USA 

University of Alaska, Fairbanks, USA 

University of Alaska, Fairbanks, USA 


University of Alaska, Fairbanks, USA 


University of Pittsburgh, USA 


UN Environment Programme (UNEP) & Partnerships for 
Environment and Disaster Risk Reduction (PEDRR) 


UN Office for Outer Space Affairs (UNOOSA) & Centre 
for Space Science & Technology Education in Asia and 
the Pacific (CSSTEAP) 


Title of the MOOC 


Landslide affecting cultural heritage 
sites—Roman Thermae of Baia 


A resilient future: Science and technology 
for disaster risk reduction 


Slope engineering—understanding 
landslides using slope engineering 
concepts. 


One planet—One ocean: From science to 
solutions—Part on 5.3 submarine 
landslides and tsunamis 


EDRROO01: Disasters and ecosystems: 
Resilience in a changing climate 
Synthetic aperture radar: Foundations 
Synthetic aperture radar: Hazards 


Synthetic aperture radar: Ecosystems 


Professional certificate in SAR: 
Applications 


Disaster preparedness 


Certificate course on nature-based 
solutions (NbS) for disaster and climate 
resilience 


Geospatial applications for disaster risk 
management 


Source 


http://www.eo4geo.eu/training- 
actions/eo4geo-mooc/ 
https://www.edx.org/course/a- 
resilient-future-science-and- 
technology-for-disa 
https://www.hkmooc.hk/courses/ 
HKUST+CIVIL-slope 


https://www.edx.org/course/one- 
planet-one-ocean 


https://courses.adpc.net/courses/ 
course-v1:CNRD+EDRRO001+2017_ 
T1/about 
https://www.edx.org/course/sar- 
foundations 
https://www.edx.org/course/sar- 
hazards 
https://www.edx.org/course/sar- 
ecosystems 
https://www.edx.org/professional- 
certificate/alaskax-synthetic-aperture- 
radar-sar-applications 
https://www.coursera.org/learn/ 
disaster-preparedness 


https://pedrr.org/mooc 


https://www.preventionweb.net/news/ 
mooc-geospatial-applications-disaster- 
risk-management 


Rwanda Transport Development Agency (RTDA) in the 
framework of the Erasmus + EnRHEd project (https:// 
enrhed-erasmusplus.com/) (Petrella et al. 2022). 

The EnRHEd project (“Enhancement of Rwandan Higher 
Education in strategic fields for sustainable growth”) was 
co-funded by the European Commission and is coordi- 
nated by the University of Parma. Among the strategic 
fields for sustainable development, this project deals with 
“Environmental protection, safety, and management.” In 
this domain, the topic of landslides plays a fundamental 
role, especially referring to the Rwandan context. It was 
the first time such a kind of Summer School on slope 
stability analysis took place in Rwanda. Besides the 
organizing institutions, the Summer School was supported 
by many other sponsors, like [CL—International Consor- 
tium on Landslides, AIGeo—Italian Association of Phys- 
ical Geography and Geomorphology, IAH Italian 
Chapter—International Association of Hydrogeologists, 
Rocscience Inc., and the University of Parma. 


Also search in abstracts, titles and keywords in the SCOPUS 
database using terms “summer school’, “landslide”, “debris 
flow”, and “mass movement” revealed no new hits compared 
to the Web od Science database. 

Nevertheless, summer schools are popular forms of train- 
ing, especially for post-graduate (master) and doctoral (Ph.D. 
and post-doc) students and young researchers in general. In 
July 2016, a post-graduate training school on landslides and 
other geological hazards in active volcanic environments was 
offered in the Azores, Portugal (https://formose2016.wixsite. 
com/formose2016). In 2019, a summer school was organised 
in NE Italy for early-career scientists on historic and prehis- 
toric landslides in the northern Italian Alps with implications 
for new hazard maps in mountainous areas. In July 2024, as a 
forerunner to the 14th International Symposium on 
Landslides to be held in Chambéry, France (https://www. 
is]2024.com/), a short summer school is offered on an over- 
view of the fundamentals of slope engineering. 


Landslides in Higher Education Curricula and Beyond 
3.5 Landslide-Related Capacity Building 
Examples 


There are a few international summer schools closely related 
to landslide research and mitigation worth being mentioned 
specifically. The first one is a summer school in Europe, and 
the other two are organized in Asia. It follows a list of more 
than a dozen landslide-related capacity-building cases— 
among others the ICL initiative for a landslide school net- 
work, ICL Teaching Tools, ICP/IPL World Report on 
Landslides, and further educational materials (blogs, portals, 
platforms, databases, lectures). 


3.6 Case 1: The International School 
on Landslide Risk Assessment 


and Mitigation (LARAM) 


The International School on “LAndslide Risk Assessment 
and Mitigation” (LARAM, http://www.laram.unisa.it), was 
founded in 2005 as a pioneering didactic and research initia- 
tive of the Geotechnical Engineering Group of the University 
of Salerno (Cascini et al. 2012). The main activity of 
LARAM is a yearly 2-week School for Ph.D. students and 
Young Doctors. The main objectives of LARAM are to 
develop high educational interdisciplinary programs for 
assessing, forecasting, and mitigating landslide risk at differ- 
ent scales and to promote the creation of training programs 
aimed at solving real landslide risk problems using the most 
advanced theories and methodologies in the fields of geo- 
technical engineering, geomechanics, geology, physical 
geography, mathematical modelling, monitoring, GIS 
techniques, risk management, and other relevant topics. 
Other initiatives include shorter courses, scientific sessions 
and workshops, research projects and other dissemination 
activities (Cascini et al. 2021). 

Since 2006, 11 editions were held in Salerno, Italy, 
3 editions were held in Chengdu, China. More details on 
the number and geographical distribution of the students 
selected to participate in the LARAM doctoral school are 
reported in Cascini et al. (2018). Over 200 Universities 
provided the doctoral school with 591 Ph.D. students from 
2006 to 2018 (Cascini et al. 2019). In 2020, the LARAM 
school went online (Cascini et al. 2020), and in 2021, the 
LARAM school was announced on the Landslide Blog 
(AGU 2021), and in 2022 on the PreventionWeb pages 
(UNDRR 2022c). 
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Case 2: Kokomerem Summer School 
on Rockslides and Related Phenomena 
in the Kokomeren River Valley 
(Kyrgyzstan) 


3.7 


ICL Annual Summer School on Rockslides and Related 
Phenomena in Kyrgyzstan (Strom 2014) started in 2006 
(Strom and Abdrakhmatov 2009, 2013), being supported by 
the IPL Projects M111, M126 and finally C106-2 (Mikoš 
et al. 2023). The schools are running ever since 2006, being 
interrupted only by COVID-19 pandemic (Strom and 
Abdrakhmatov 2013, 2015a, b, 2018, 2019, 2023). 

This training course aims to familiarize students and 
young landslide researchers with various types of large- 
scale bedrock landslides (rockslides), with geological factors 
favorable for their origin and with their primary and second- 
ary effects such as river damming and subsequent outburst 
floods. 


3.8 Case 3: The International Research 
Association on Large Landslides (iRALL) 


School 


The International Research Association on Large Landslides 
GRALL; _http://irall.sklgp.cdut.edu.cn/index.htm) was 
founded in 2015. Its secretariat is located at the State Key 
Laboratory of Geohazard Prevention and Geoenvironment 
Protection, Chengdu University of Technology, China. The 
school was established in 2016 and offers annually high-level 
courses, focusing on the investigation, analysis, and manage- 
ment of large landslides for Ph.D. students and postdocs from 
all over the world, with international experts on the research 
of large landslides as teaching staff. The last edition of 
iRALL School 2022 offered 4 days introductory courses, 
cutting-edge progress, and software training. The topics cov- 
ered landslide hazard identification, earthquake induced land- 
slide mechanism, rainfall induced landslide hydrological 
control, large-scale debris flow mechanism, glacial hazards, 
remote sensing, and numerical simulation technology in the 
application of landslide hazards. 


3.9 Case 4: ICL Landslide School Network 

In 2011, the International Consortium on Landslides, Kyoto, 
Japan, initiated a proposal for the ICL Landslide School 
Network (Karnawati and Yin 2011) as an ICL contribution 
to worldwide efforts for effective landslide risk reduction. A 
special 3-page guideline for this network was prepared (ICL 
2010) as the network starting point. In 2012, the proposal for 
the network was upgraded to the ICL Capacity Development 
Network, coordinated by the University Gadjah Mada, 
Indonesia (ICL 2012). The last progress report published on 
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the ICL web pages is from 2018 (https://www.landslides.org/ 
projects/icl-networks/). 


3.10 Case 5: ICL Landslide Teaching Tools 


In 2013, International Consortium on Landslides (ICL) has 
decided to compile a collection of landslide teaching tools 
(Sassa et al. 2013) to provide teaching materials to ICL 
members and other landslide teaching entities to assist in 
the education of university students, local government 
officers, staff in nongovernmental organizations, and the 
public. The teaching toolbox contains five parts (He et al. 
2014): (1) mapping and site prediction; (2) monitoring and 
early warning; (3) testing and numerical simulation; (4) risk 
management; and (5) country practices and case studies. The 
teaching toolbox contains three types of tools: (1) TXT tools 
consisting of original texts with figures; (2) PDF tools 
consisting of already published reference papers, manuals, 
guidelines, and others; and (3) PPT tools consisting of 
PowerPoint® files made for lectures. 

In 2018, the ICL published the second and quite expanded 
edition of its landslides teaching tools, providing numerous 
teaching tools from a variety of international organizations 
and institutes, and it included guidelines for monitoring, 
modeling, and capacity development in: 


— Volume 1 on fundamentals, mapping, and monitoring 
(Sassa et al. 2018a), and in 

— Volume 2 on testing, risk management, and country 
practices (Sassa et al. 2018b) 


Since the introduction of the ICL open-access book series 
“Progress in Landslide Research and Technology” (P-LRT) 
(Sassa 2021b), articles on teaching tools are published in this 
book series. In P-LRT Volume 1 Issue 1 an article on the 
software LS-RAPID presenting its manual and video tutorials 
was published (Ajmera et al. 2023). In P-LRT Volume 
1 Issue 2 an article was published on undrained dynamic 
loading ring shear testing with video (Loi et al. 2023), and 
an article how to reach remotely the vegetation works to 
protect slopes against mass wasting by using video materials 
as a case study in Bhutan (Hirota et al. 2023). In P-LRT 
Volume 2 Issue 1, an article on the application of LAND- 
SUITE for zonation of landslide susceptibility in Spain (this 
volume), and an article on landslide and soil erosion inven- 
tory mapping based on high-resolution remote sensing data 
as a case study in Croatia will be published (this volume). All 
ICL landslide teaching tools are useful teaching materials for 
summer schools or higher education curriculum focused on 
landslide disaster risk reduction. 
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3.11 Case 6: ICL/IPL World Report 


on Landslides 


The International Consortium on Landslides (ICL) and Inter- 
national Program on Landslides (IPL) created web data base 
and web cooperation platform for sharing information about 
landslide case studies in the global landslide community. The 
idea of World Report on Landslides (WRL) was initiated in 
2010, and rules for web publication were defined in 2014 
(Abolmasov et al. 2017). This activity was a ICL and IPL 
contribution to the Sendai Partnership 2015-2030 for Global 
Promotion of Understanding and Reducing Landslide 
Disaster Risk (Sassa 2015), and to the Sendai Framework 
for Disaster Risk Reduction 2015-2030 (UNDRR 
PreventionWeb 2015). 

This platform is still not as active as it might be for the 
benefit of the world landslide community, also for educators 
to use it in courses on slope stability and landslides. The 
advantage of this platform is that it gives an opportunity to 
publish on the web a very detailed case study with all techni- 
cal details of a landslide. 


3.12 Case 7: UNDRR PreventionWeb Platform 
The United Nations Office for Disaster Risk Reduction 
(UNDRR) offers the PreventionWeb (www.preventionweb. 
net), the collaborative global knowledge sharing platform for 
disaster risk reduction and resilience. The site offers a range 
of knowledge products and services to facilitate the work of 
DRR professionals. The PreventionWeb features content that 
helps DRR stakeholders better understand disaster risk and 
learn from implementing DRR strategies, policies, and 
measures. There is freely available educational material, for 
the search on “landslide(s)” with 762 results as of February 
2023 (417 news, 247 publications, and 64 events). 

The PreventionWeb platform lists academic programmes 
across the world which offer education on all levels (includ- 
ing bachelor, master, diploma, etc.) related to disaster risk 
reduction. 

Under the topic “Educational materials’, the 
PreventionWeb platform also offers a variety of children’s 
books, textbooks, lesson plans, activities, games, and online 
resources on disaster prevention and school safety—from 
pre-school and kindergarten level to secondary schools. 


3.13 Case 8: United States Geological Survey 


(USGS) Web Sources 


The United States Geological Survey (USGS; https://www. 
usgs.gov/) offers a variety of web tools that can be used for 
educational purposes in the field of natural hazards, including 


Landslides in Higher Education Curricula and Beyond 


for landslide disaster risk reduction and capacity building. 
There is a short overview of some of the useful tools: 


— Global Earthquake-Triggered Ground Failure Inventory 
Database that includes repository of Earthquake- 
Triggered Ground-Failure Inventories Web Application 
(interactive map) and An Open Repository of 
Earthquake-Triggered Ground-Failure Inventories (data) 
(USGS 2023a). 

— Comprehensive Global Database of Earthquake-Induced 
Landslide Events and Their Impacts (ver. 2.0, February 
2022; Seal et al. 2022; USGS 2023b). 

— USGS Public Lecture Series (USGS 2023c) that offer 
virtual attendance using live streaming of the public lec- 
ture over the MSTeams® platform. 


3.14 Case 9: NASA Models and Datasets 


With actionable Earth observations, the NASA Earth Science 
Applied Sciences Program empowers communities across the 
world to find solutions to the challenges they face every day 
(https://appliedsciences.nasa.gov/). One of the projects on 
this web platform is entitled “Enabling Landslide Disaster 
Risk Reduction and Response throughout the disaster life 
cycle with a multi-scale toolbox” (NASA 2023a). This proj- 
ect is a part of NASA landslide research and is advancing 
landslide hazard assessment and forecasting using machine 
learning models, satellite data, model products, and post- 
event information that describes where landslides have 
taken place. This project provides the only open-source, 
continually updating model of rainfall-triggered landslide 
hazards available in near real-time across most of the world. 
The global Landslide Hazard Assessment for Situational 
Awareness (LHASA) model was developed by NASA that 
combines Global Precipitation Model (GPM; https://gpm. 
nasa.gov/) near real-time precipitation data with a global 
susceptibility map to generate estimates of where and when 
rainfall-triggered landslides are likely to occur around the 
world (NASA 2023b). Information on landslide reports is 
available on the Cooperative Open Online Landslide Reposi- 
tory (COOLR; §https://gpm.nasa.gov/landslides/), which 
combines data from NASA’s Global Landslide Catalog, 
other landslide inventories and contributions from citizen 
scientists via the Landslide Reporter Application (https:// 
maps.nccs.nasa.gov/apps/landslide_reporter/). 


3.15 Case 10: The Landslide Blog in AGU 


Blogosphere 


The American Geophysical Union (AGU) hosts so-called 
Blogosphere (https://blogs.agu.org/) with numerous blogs, 
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among them the Landslide Blog (https://blogs.agu.org/ 
landslideblog/) run by David Petley of the University of 
Hull, UK. The Landslide Blog provides commentary and 
analysis of landslide events occurring worldwide, including 
the landslides themselves, the latest research, and 
conferences and meetings. 


3.16 Case 11: BeSafeNet Platform 


The BeSafeNet initiative, starting in 2003 and promoted by 
the EUR-OPA Major Hazards Agreement of the Council of 
Europe, has as a main aim, to better protect people from 
hazards through better informing them on the causes and 
the consequences of natural and technological hazards 
(Micallef et al. 2014). This web platform “BE-SAFE-NET” 
is a tool for promoting risk culture among populations, 
focusing on teachers to prepare material for elementary 
school students (BeSafeNet 2023), also covers natural 
hazards’ topic on landslides (https://besafenet.net/hazards/ 
landslides/)—the page was prepared by CERG—European 
Centre on Geomorphological Hazards from Strasbourg, 
France (Maquaire et al. 2009). 


3.17 Case 12: The International Society 
for Rock Mechanics and Rock 


Engineering (ISRM) Course 


The ISRM course on "Prevention methods for Landslides in 
Rock Masses" is now available in open access (ISRM 2023). 
The course has four parts, with a total of 24 lectures: 


— Part A—Understanding landslides in rock mass (four 
lectures) 

— Part B—Methods for quantifying rock mass (eight 
lectures) 

— Part C—Methods for landslide potential of rock mass (five 
lectures) 

— Part D—Measures for preventing landslides in rock mass 
(seven lectures) 


3.18 Case 13: The LARIMIT Portal 


The LaRiMiT (Landslide Risk Mitigation Toolbox; https:// 
www.larimit.com/) is an Expert-Based Landslide Mitigation 
Portal assisting users of identifying cost-effective structural 
landslide risk mitigation options (Uzielli et al. 2017). It is a 
technical tool for quick selection of landslide risk mitigation 
measures, but is not intended to replace detailed, site-specific 
technical investigations, and as much it is a valuable tool for 
educational purposes. The toolbox was initially developed 
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within the framework of the European Union 7th Framework 
Programme project “SafeLand—Living with landslide risk in 
Europe: Assessment, effects of global change, and risk man- 
agement strategies” and further developed by the Norwegian 
Geotechnical Institute (Kalsnes and Capobianco 2019). 


3.19 Case 14: Humanitarian Library 


The Humanitarian Library was launched in 2013, and is the 
only inter-agency, inter-sector, crowd-sourced, and 
community-moderated platform in the humanitarian space 
(https://www.humanitarian.org/). Among its resources, 
channels and events, there are 75 hits as of March 2023 
related to landslides: 70 resources and five collections. One 
of the five collections is entitled “Landslide Mitigation and 
Disaster Risk Management—Case Studies and Good Prac- 
tice” (Humanitarian Library 2023), it was last updated in 
2020 and encompassed eight documents. 


3.20 Case 15: The VISUS Methodology 


UNESCO is actively engaged in empowering schools and 
their communities to identify the hazards they are exposed to, 
map their vulnerabilities and capacities, and enhance school 
safety. To do so, UNESCO promotes a multi-hazard school 
safety assessment methodology, namely VISUS (Visual 
Inspection for Defining Safety Upgrading Strategies) 
(Grimaz and Malisan 2020). Developed by the UNESCO 
Chair on Intersectoral Safety for Disaster Risk Reduction 
and Resilience, SPRINT-Lab, University of Udine, Italy, 
the methodology provides decision-makers with tools and 
information, allowing them to make science-based decisions 
on where and how to invest their available resources for 
enhancing school safety. The VISUS methodology, which 
has a strong component in capacity building for decision- 
makers, technical staff, and universities, has been success- 
fully tested in seven mostly developing countries (UNESCO 
2023). 


3.21 Case 16: The Twinkl Platform 


The Twink! platform (https://www.twinkl.co.uk/) offers free 
educational materials for parents and young students below 
18 years of age, on a variety of topics, including natural hazards. 


4 Conclusions 
The importance of education for landslide disaster risk reduc- 


tion is clear and unequivocal. The education for natural 
disaster risk reduction should start as early as possible, even 
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in the kindergarten (preschool) level and should be offered as 
a life-long education topic for wider society. The topic of 
landslide disaster risk reduction in all its variety and depth 
comes to complete coverage in the curricula of higher educa- 
tion institutions. This topic is widely covered in undergradu- 
ate and graduate study programmes in engineering 
(geotechnical engineering, geological engineering, civil engi- 
neering, .. .), but also in science programmes (geology, geog- 
raphy, ...) and social sciences programmes (risk 
management, disaster management, resilience, risk dialogue 
...). The topic is mainly covered as a constituent part of more 
general courses, and to a lesser extent, as courses on slope 
stability and landslides. This is why summer schools on 
landslide disaster risk reduction are welcome to offer students 
an opportunity to deepen their understanding and knowledge 
in this topic, coming from various disciplines. They make it 
possible to have an inter-disciplinary milieux, and to stimu- 
late cross-sectoral thinking that is important to understand 
landslides as socio-technical complex system that needs 
cross-sectoral approach and systems thinking, quite often 
supported by critical and innovative thinking. 

The article gives a short overview of some (selected) 
courses and study programmes worldwide offering knowl- 
edge and competencies for landslide disaster risk reduction. 
There are though many more higher education study 
programmes not covered in this overview, as there are 
thousands of universities around the world. With respect to 
summer schools on landslides, the overview is more com- 
plete, as the offer is not so extensive. 

The worldwide landslide community is invited to support 
efforts for society resilience against landslides by 
intensifying their efforts for capacity building in parallel to 
their research activities. For the International Consortium on 
Landslides (ICL 2023a), the KLC 2020 Commitment for 
Global Promotion of Understanding and Reducing Landslide 
Disaster Risk (Sassa 2021a), is a standing support and 
reminder to be active (also) in the field of capacity building, 
not only through research, but also education. 

The ICL activities, not only in research, but also in capac- 
ity building for society resilience, is supporting the imple- 
mentation of the ninth phase of the UNESCO 
Intergovernmental Hydrological Programme (IHP-IX) 
2022-2029 (UNESCO 2022b). 


Acknowledgments This article resulted from the capacity-building 
activities of the UNESCO Chair on Water-related Disaster Risk Reduc- 
tion at the University of Ljubljana (2020-2024), and of the World 
Centre of Excellence on Landslide Risk Reduction (2020-2023) at the 
Faculty of Civil and Geodetic Engineering, University of Ljubljana. 
The author would like to acknowledge the financial support of Slovenian 
Research Agency by core funding P2—0180, and of the University of 
Ljubljana from the Development Fund for the activities of the UNESCO 
Chair on Water-related Disaster Risk Reduction (WRDRR). 


Landslides in Higher Education Curricula and Beyond 


References 


Abolmasov B, Fathani TF, Liu KF, Sassa K (2017) Progress of the 
world report on landslides. In: Sassa K, Mikoš M, Yin Y (eds) 
Advancing culture of living with landslides. WLF 2017. Springer, 
Cham. https://doi.org/10.1007/978-3-3 19-59469-9_18 

AGU (2021) The LARAM 2021 school. The Landslide Blog. American 
Geophysical Union. Washington D.C., USA. Available at: https:// 
blogs.agu.org/landslideblog/2021/05/14/laram/. Accessed 
12 Feb 2023 

Ajmera B, Ahari HE, Loi DH, Setiawan H, Dang K, Sassa K (2023) 
LS-RAPID manual with video tutorials. In: Sassa K, Konagai K, 
Tiwari B, Arbanas Z, Sassa S (eds) Progress in landslide research 
and technology, Volume 1 Issue 1, 2022. Springer, Cham, pp 
343—406. https://doi.org/10.1007/978-3-03 1-16898-7_26 

Beverfjord MG, Thakur V (2008) Landslides in education: the Verdal 
and Rissa landslides. In: Proceedings of the 6" International Confer- 
ence on Case Histories in Geotechnical Engineering, Arlington, 
USA. Vol. 1, p. 8. https://scholarsmine.mst.edu/icchge/7icchge/ 
session09/6 

BeSafeNet (2023) EUR-OPA major hazards agreement. https:// 
besafenet.net/. Accessed 31 Jan 2023 

Cascini L, Sorbino G, Calvello M, Cuomo S (2012) The LARAM 
School: teaching “landslide risk assessment and mitigation” to PhD 
students. SFGE 2012, Proc. Conf. on Shaking the Foundations of 
Geo-engineering Education, Galway, Ireland, pp. 211-218 

Cascini L, Calvello M, Cuomo S (2018) LARAM School 2018: the 
doctoral school on “landslide risk assessment and mitigation”. 
Landslides 15(7):1445-1447. https://doi.org/10.1007/s10346-018- 
1006-0 

Cascini L, Calvello M, Cuomo S, Jaboyedoff M, Peduto D (2019) 
LARAM school 2019: the yearly doctoral school on “LAndslide 
risk assessment and mitigation”. Landslides 16(2):1419-1421. 
https://doi.org/10.1007/s10346-019-01193-9 

Cascini L, Calvello M, Cuomo S, Peduto D, Moscariello M, 
Nicodemo G, Pecorano G (2020) LARAM school 2020 goes online: 
the 15th doctoral school on “LAndslide risk assessment and mitiga- 
tion”. Landslides 17:1997—1999. https://doi.org/10.1007/s10346- 
020-01456-w 

Cascini L, Calvello M, Cuomo S (2021) LARAM school: an ongoing 
experience. In: Sassa K, Mikoš M, Sassa S, Bobrowsky PT, 
Takara K, Dang K (eds) Understanding and reducing landslide 
disaster risk. WLF 2020. ICL contribution to landslide disaster risk 
reduction. Springer, Cham, pp 251-257. https://doi.org/10.1007/ 
978-3-030-60196-6 

Clarivate Analytics (2023) Web of science core collection. https://www. 
webofscience.com/wos/woscc/basic-search. Accessed 20 Jan 2023 

Cross TC, Kaklamanos J (2017) Incorporating natural disasters into the 
undergraduate civil engineering curriculum a case study of hurricane 
Katrina and the Oso landslide. In: Awotona A (ed) Planning for 
community-based disaster resilience worldwide: learning from case 
studies in six continents. Routledge, pp 121—133 

Dewi RP (2020) Fieldwork and research impact on learning of disaster 
risk reduction. Univ J Educ Res 8(8):3718—3724. https://doi.org/10. 
13189/ujer.2020.080852 

FindAUniversity (2023) The postgraduate experts. FindAUniversity 
Ltd, Sheffield, UK. https://www.findauniversity.com/. Accessed: 
8 February 2023] 

Guo Y, Zhu J, Fu L, Li W, Zheng Q, Zhao Y, Wu S (2020) A visual 
representation method for landslide disaster visualization for public 
education. Journal of Wuhan University (Information Science Edi- 
tion) 45(09) 

Hatibe A, Salam A, Gustina S (2020) An analysis of the understanding 
of physical education students on the environmental physical 


179 


concept in landslide matter. J Phys Conf Ser 1760(1):012047. 
https://doi.org/10.1088/1742-6596/1760/1/012047 

He B, Sassa K, McSaveney M, Nagai O (2014) Development of ICL 
landslide teaching tools. Landslides 11(1):153-159. https://doi.org/ 
10.1007/s10346-013-0460-y 

Hirota K, Suganuma Y, Iwasaki T, Kuwano T (2023) How to teach 
remotely the vegetation works to protect slopes against mass 
wasting: a case of using video materials in Bhutan. In: Alcantara- 
Ayala I, Arbanas Z, Huntley D, Konagai K, Mikoš M, Sassa K, 
Sassa S, Tang H, Tiwari B (eds) Progress in landslide research and 
technology, Volume 1 Issue 2, 2022. Springer, Cham, pp 361-370. 
https://doi.org/10.1007/978-3-031-18471-0_26 

GADRRRES (2022) Comprehensive school safety framework 
2022-2030-for child rights and resilience in the education sector. 
Global Alliance for disaster risk reduction & resilience in the educa- 
tion sector, p. 26. Available at: https://gadrrres.net/comprehensive- 
school-safety-framework/#CSS-Framework. Accessed 12 Feb 2023 

Giusti I, Lo Presti D (2015) An example of teaching slope stability from 
true case histories: three year experience. In: 2015 International 
Conference on Interactive Collaborative Learning (ICL), Florence, 
Italy. 1059-1064. doi:https://doi.org/10.1109/ICL.2015.7318178 

Grimaz S, Malisan P (2020) Multi-hazard visual inspection for defining 
safety upgrading strategies of learning facilities at territorial level: 
VISUS methodology. Int J Disaster Risk Reduct 44:101435. https:// 
doi.org/10.1016/j.ijdrr.2019.101435 

Humanitarian Library (2023) Landslide mitigation and disaster risk 
management-—case studies and good practice. Humanitarian Library. 
Shelter Centre, Satigny-Geneva, Switzerland. Available at: https:// 
www.humanitarianlibrary.org/collection/landslide-mitigation-and- 
disaster-risk-manaement-case-studies-and-good-practice. Accessed 
23 Mar 2023 

ICL (2010) Guideline of landslide school network. https://icl.iplhq.org/ 
landslide-school-network/. Accessed 20 Jan 2023 

ICL (2012) ICL capacity development network. http://www.landslides. 
org/wp-content/uploads/pdfip|/2012/12/2.-Proposal_LCN-LSN_ 
Karnawati.pdf. Accessed 20 Jan 2023 

ICL (2023a) International consortium on landslides. https://www. 
landslides.org/. Accessed 28 Jan 2023 

ICL (2023b) International consortium on landslides. Kyoto 2020 Com- 
mitment. https://www.landslides.org/ipl-info/2020-landslide-kyoto- 
commitment/. Accessed 26 Jan 2023 

ISRM (2023) Prof. Zhong-qi Quentin YUE’s course on prevention 
methods for landslides in rock masses. International Society for 
Rock Mechanics and Rock Engineering, ISRM secretariat, Lisbon, 
Portugal. Available at: https://isrm.net/page/show/1525. Accessed 
12 Feb 2023 

Kalsnes B, Capobianco V (2019) Nature-based solutions—landslides 
safety measures. Klima 2050 report 16. Centre for Research-based 
Innovation (SFI), Trondheim, Norway. p. 52. https://www.sintefbok. 
no/book/download/1234. Accessed 24 Feb 2023 

Karnawati D, Yin Y (2011) How to develop the landslide school 
network for strengthening regional activities and capacity develop- 
ment for risk preparedness. Round Table Discussion, IPL-ICL Ses- 
sion in Global Platform 2011. https://www.preventionweb.net/files/ 
globalplatform/entry_presentation~landslideschoolnetwork.pdf. 
Accessed 28 Jan 2023 

Labibah UN, Kuswanto H, Susiyanti (2020) Integrated landslide 
disaster education in physics subject viewed from high school 
students preparedness in Kulon Progo, Yogyakarta. J Phys Conf 
Ser 1440:012026. https://iopscience.iop.org/article/10.1088/1742- 
6596/1440/1/012026. Accessed 11 Mar 2023 

Lo Presti D (2013) An example of teaching slope stability from true case 
histories. In: 7th International Conference on Case Histories in 
Geotechnical Engineering, Chicago, USA. https://scholarsmine. 
mst.edu/icchge/7icchge/session0 1/4 


180 


Loi DH, Jayakody SHS, Sassa K (2023) Teaching tool “undrained 
dynamic loading ring shear testing with video”. In: Alcantara- 
Ayala I, Arbanas Ž, Huntley D, Konagai K, Mikoš M, Sassa K, 
Sassa S, Tang H, Tiwari B (eds) Progress in landslide research and 
technology, Volume 1 Issue 2, 2022. Springer, Cham, pp 325-359. 
https://doi.org/10.1007/978-3-031-18471-0_25 

Maquaire O, Malet J-P, Castaldini D, von Elverfeldt K, Pla F, Soldati, 
Greco R, Pasuto A (2009) The BE-SAFE-NET website: a took for 
the education on landslides. In: Malet J-P, Remaitre A, Bogaard T 
(Eds.): Landslide processes. From geomorphologic mapping to 
dynamic modelling. Proceedings of the International Conference 
on Landslide Processes: from geomorphologic mapping to dynamic 
modeling, 6-7 February 2009, Strasbourg, France. pp. 321-326. 
https://hal.science/hal-00533774. Accessed 31 Jan 2023 

Micallef A, Alexandrou A, Gerosimou G, (Castaldini D, 
Papadopoulos M, Pla F, Poyarkov V (2014) Public awareness on 
natural and technological hazards as a key for safety: the BeSafeNet 
initiative contribution. International conference “analysis and Man- 
agement of Changing Risks for natural hazards”, 18-19 November 
2014, Padua, Italy. pp. CP8-1—CP8-6. https://core.ac.uk/download/ 
54007472.pdf. Accessed 31 Jan 2023 

Mikoš M, Sassa K, Han Q (2023) International Programme on 
landslides—a short overview of its historical development. In: 
Sassa K, Konagai K, Tiwari B, Arbanas Z, Sassa S (eds) Progress 
in landslide research and technology., Volume 1 Issue 1, 2022. 
Springer, Cham, pp 45-62. https://doi.org/10.1007/978-3-03 1- 
16898-7_3 

Munoz VA, Carby B, Abella EC, Cardona OD, LopezMarrero T, 
Marchezini V, Meyreles L, Olivato D, Trajber R, Wisner B (2020) 
Success, innovation and challenge: school safety and disaster educa- 
tion in South America and the Caribbean. International Journal of 
Disaster Risk Reduction 44:101395. https://doi.org/10.1016/j.ijdrr. 
2019.101395 

NASA (2023a) Enabling landslide disaster risk reduction and response 
throughout the disaster life cycle with a multi-scale toolbox. 
National Aeronautics and Space Administration, Earth Science Divi- 
sion. https://appliedsciences.nasa.gov/what-we-do/projects/ 
enabling-landslide-disaster-risk-reduction-and-response-through 
out-disaster. Accessed 23 Mar 2023 

NASA (2023b) Modeling and reporting landslides. NASA Global Pre- 
cipitation Measurements. National Aeronautics and Space Adminis- 
tration. https://gpm.nasa.gov/applications/ 
landslides#rainfalltriggeredlandslides. Accessed 23 Mar 2023 

Ozkazanc S, Yuksel UD (2015) Evaluation of disaster awareness and 
sensitivity level of higher education students. Procedia Soc Behav 
Sci 197:745—753. https://doi.org/10.1016/j.sbspro.2015.07.168 

Perdomo JL, Pando MA (2014) Using information technology to incor- 
porate natural hazards and mitigation strategies in the civil engineer- 
ing curriculum. J Prof Issues Eng Educ Pract 140(1):04013004. 
https://doi.org/10.1061/(ASCE)EI.1943-5541.0000175 

Petrella E, Chelli A, Valentino R (2022) High-level training on the topic 
of landslides and slope stability in Rwanda. Acque Sotterranee— 
Italian Journal of Groundwater 11(3):67—69 

Prakasam C, Aravinth R, Saravanan R (2022) Report on NRDMS: DST 
sponsored 21-day (level 2) Summer School on mountain disaster 
management: landslide from 9 to 29th may 2019. Natl Acad Sci Lett 
45:95—103. https://doi.org/10.1007/s40009-021-01068-5 

Ranglund OJ, Have H, Venemyr GO, Vold T, Braun R (2018) Gaming 
and scenario building: a student active approach to learning. In: 12th 
European Conference on Games-based Learning, 526-531 

Rutzinger M, Hofle B, Lindenbergh R, Oude Elberink S, Pirotti F, 
Sailer R, Scaioni M, Stötter J, Wujanz D (2018) Close-range sensing 
techniques in alpine terrain. ISPRS Annals of the Photogrammetry, 
Remote Sensing and Spatial Information Sciences, Volume III-6, 
2016 XXIII ISPRS Congress, 12—19 July 2016. Czech Republic, 
Prague, pp 15-22 


M. Mikoš 


Sassa K (2015) ISDR-ICL Sendai partnerships 2015-2025 for global 
promotion of understanding and reducing landslide disaster risk. 
Landslides 12:631—640. https://doi.org/10.1007/s10346-015-0586-1 

Sassa K (2019) The fifth world landslide forum and the final draft of the 
Kyoto 2020 commitment. Landslides 16(2):201—211. https://doi. 
org/10.1007/s10346-018-01133-z 

Sassa K (2021a) The Kyoto landslide commitment 2020: launched. 
Landslides 18(1):5—20. https://doi.org/10.1007/s10346-020- 
01575-4 

Sassa K (2021b) New open access book series “Progress in landslide 
research and technology”. Landslides 18(11):3509-3512. https:// 
doi.org/10.1007/s10346-021-01759-6 

Sassa K, He B, McSaveney M, Nagai O (2013) ICL landslide teaching 
tools. ICL Press, p. 405 

Sassa K, Guzzetti F, Yamagishi H, Arbanas Z, Casagli N, 
McSaveney M, Khang KH (2018a) Landslide dynamics: ISDR- 
ICL landslide interactive teaching tools. In: Volume 1: 
Fundamentals, mapping and monitoring. Springer, Cham, p 604. 
https://doi.org/10.1007/978-3-3 19-57774-6 

Sassa K, Tiwari B, Liu K-F, McSaveney M, Strom A, Setiawan H 
(2018b) Landslide dynamics: ISDR-ICL landslide interactive teach- 
ing tools. In: Testing, risk management and country practices, vol 
2. Springer, Cham, p 836. https://doi.org/10.1007/978-3-319- 
57771-1 

Seal DM, Jessee AN, Hamburger MW, Dills CW, Allstadt KE (2022) 
Comprehensive global database of earthquake-induced landslide 
events and their impacts (ver. 2.0, February 2022). U.S. Geological 
Survey data release. Available at: https://doi.org/10.5066/ 
P9RG3MBE. Accessed 8 Feb 2023 

Strom A (2014) Rockslides and rock avalanches in the Kokomeren 
River valley (Kyrgyz Tien Shan). In: Mihalić Arbanas S, Arbanas 
Z (eds) Landslide and flood hazard assessment. Faculty of Mining, 
Geology and Petroleum Engineering, University of Zagreb and 
Faculty of Civil Engineering, University of Rijeka, pp 245-250 

Strom A, Abdrakhmatov K (2009) International Summer School on 
rockslides and related phenomena in the Kokomeren River valley, 
Tien Shan, Kyrgyzstan. In: Sassa K, Canuti P (eds) Landslides— 
disaster risk reduction. Springer, Berlin Heidelberg, pp 223-227. 
https://doi.org/10.1007/978-3-540-69970-5_12 

Strom A, Abdrakhmatov K (2013) International Summer School on 
rockslides and related phenomena in the Kokomeren River basin, 
Kyrgyzstan. In: Sassa K, Rouhban B, Briceño S, McSaveney M, He 
B (eds) Landslides: global risk preparedness. Springer, Berlin 
Heidelberg, pp 85-94. https://doi.org/10.1007/978-3-642-22087-6_ 
6 


Strom A, Abdrakhmatov K (2015a) International summer school on 
rockslides and related phenomena in the Kokomeren River valley 
(Kyrgyzstan). Landslides 12(3):625—626. https://doi.org/10.1007/ 
s10346-015-0581-6 

Strom A, Abdrakhmatov K (2015b) 2016 International Summer School 
on rockslides and related phenomena in the Kokomeren River valley 
(Kyrgyzstan). Landslides 12(6):1233—1234. https://doi.org/10.1007/ 
s10346-015-0655-5 

Strom A, Abdrakhmatov K (2018) 2018 International Summer School 
on rockslides and related phenomena in the Kokomeren River valley 
(Kyrgyzstan). Landslides 15(1):181—182. https://doi.org/10.1007/ 
s10346-017-0930-8 

Strom A, Abdrakhmatov K (2019) 2019 International Summer School 
on rockslides and related phenomena in the Kokomeren River valley 
(Kyrgyzstan). Landslides 16(5):1055—1057. https://doi.org/10.1007/ 
s10346-019-01173-z 

Strom A, Abdrakhmatov K (2023) 2023 International Summer School 
on rockslides and related phenomena in the Kokomeren River basin 
(Kyrgyzstan) (ICL Kokomeren Summer School). Landslides 20: 
875-876. https://doi.org/10.1007/s10346-023-02033-7 


Landslides in Higher Education Curricula and Beyond 


Studyportals (2023) Studyportals B.V., Eindhoven, the Netherlands. 
https://studyportals.com/. Accessed 8 Feb 2023 

Sezgin S, Cirak NS (2021) The role of MOOCs in engineering educa- 
tion: an exploratory systematic review of peer-reviewed literature. 
Comput Appl Eng Educ 29(4):950—968. https://doi.org/10.1002/cae. 
22350 

UG (2023) CERG-C Specialisation Certificate for the assessment and 
management of geological and climate related risk—-The Landslide 
Risk Module. https://www.unige.ch/sciences/terre/CERG-C/train 
ing/terrain/. Accessed: 29 January 2023] 

N (1948) Universal declaration of human rights. https://documents- 
dds-ny.un.org/doc/RESOLUTION/GEN/NRO/043/88/PDF/ 
NRO004388.pdf?OpenElement. Accessed 28 Jan 2023 

UNDRR PreventionWeb (2015) Sendai framework for disaster risk 

reduction 2015-2030. United Nations Office for Disaster Risk 
Reduction, Geneva. Available at: https://www.preventionweb.net/ 
files/43291_sendaiframeworkfordrren.pdf. Accessed 28 Jan 2023 
UNDRR PreventionWeb (2022a) Academic Programme. United 
Nations Office for Disaster Risk Reduction, Geneva. Available at: 
https://www.preventionweb.net/resource-type/academic- 
programme. Accessed 2 Feb 2022 

UNDRR PreventionWeb (2022b) Certificate of advanced studies in 
disaster risk reduction. United Nations Office for Disaster Risk 
Reduction, Geneva. Available at: https://www.preventionweb.net/ 
resource/certificate-fUNESCOadvanced-studies-disaster-risk-reduc 
tion. Accessed 28 Oct 2022 

UNDRR PreventionWeb (2022c) LARAM school 2022 hybrid: doctoral 
school on “landslide risk assessment and mitigation”. United 
Nations Office for Disaster Risk Reduction, Geneva. Available at: 
https://www.preventionweb.net/event/laram-school-2022-hybrid- 
doctoral-school-landslide-risk-assessment-and-mitigation. Accessed 
12 Feb 2023 

UNESCO (2021) Reimagining our futures together—A new social con- 
tract for education. 188. https://unesdoc.unesco.org/ark:/48223/ 
pf0000379707. Accessed 28 Jan 2023 

UNESCO (2022a) Beyond limits—new ways to reinvent higher educa- 
tion. Roadmap proposed for the 3rd world higher education confer- 
ence WHEC2022 | 18-20 may 2022, working document. 40p. 


E 


181 


UNESCO, Paris. Available at: https://cdn.eventscase.com/www. 
whec2022.org/uploads/users/699058/uploads/ 
69c2df623079c3845e236c56ba2d7a8aa21b3d75489e28c7910226 
f24f7989aec7aae05a23f31fae4587aeb4be088f99dccd. 
6282b2a95281d.pdf. Accessed 31 Jan 2023 

UNESCO (2022b) IHP-IX: strategic plan of the intergovernmental 
hydrological Programme: science for a water secure world in a 
changing environment, ninth phase 2022-2029. UNESCO, Paris, 
p 51. https://unesdoc.unesco.org/ark:/48223/pf0000381318. 
Accessed 9 Feb 2023 

UNESCO (2023) School safety assessment: VISUS methodology. 
UNESCO, Geneva. Available at: https://en.unesco.org/disaster- 
risk-reduction/education-school-safety/visus. Accessed 7 Feb 2023 

USGS (2023a) Global earthquake-triggered ground failure inventory 
database. United States geological survey. Available at: https:// 
www.usgs.gov/programs/landslide-hazards/science/global-earth 
quake-triggered-ground-failure-inventory-database. Accessed 
9 Feb 2023 

USGS (2023b) Comprehensive global database of earthquake-induced 
landslide events and their impacts (ver. 2.0, February 2022). United 
States Geological Survey. Available at: https://www.usgs.gov/data/ 
comprehensive-global-database-earthquake-induced-landslide- 
events-and-their-impacts-ver-20. Accessed 9 Feb 2023 

USGS (2023c) Public lecture series. United States geological survey. 
Available at: https://www.usgs.gov/public-lecture-series. Accessed 
9 Feb 2023 

UT (2023) Master geo-information and earth observation. University of 
Twente, Netherlands. Available at: https://www.itc.nl/education/ 
studyfinder/geo-information-science-earth-observation/. Accessed 
12 Feb 2023 

Uzielli M, Choi JC, Kalsnes BG (2017) A web-based landslide risk 
mitigation portal. In: Mikoš M, Arbanas Z, Yin Y, Sassa K (eds) 
Advancing culture of living with landslides. WLF 2017. Springer, 
Cham, pp 431—438. https://doi.org/10.1007/978-3-3 19-53487-9_50 

Valentino R, Chelli A, Petrella E (2023) Training on the topic of 
landslides and slope stability in Rwanda: a Summer School in the 
framework of the Erasmus + EnRHEd project. Landslides 20(1): 
223-228. https://doi.org/10.1007/s10346-022-01999-0 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/ 
licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter's Creative Commons license, unless indicated otherwise in a 
credit line to the material. If material is not included in the chapter's Creative Commons license and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. 


Check for 
updates 


Community Scale Landslide Resilience: 
A Citizen-Science Approach 


Maneesha Vinodini Ramesh, Hemalatha Thirugnanam, Nitin Kumar 
Mohanan, Balmukund Singh, Harichandana C Ekkirala, and Ramesh Guntha 


Abstract 


Building landslide resilience at a community scale is the 
most effective way to protect people against landslides. 
But building resilience at a community scale can become 
difficult, given the large spatial scale spanned by locations 
vulnerable to landslides and the number of communities 
that might get affected. So, in this chapter, we discuss how 
to build community-scale landslide resilience using a 
citizen-science approach. The potential of citizen-science 
approaches for building landslide resilience at the commu- 
nity level is immense, given that the citizens become 
resources to build resilience. Yet challenges exist in this 
approach as novel tools and operationalizing methods are 
seldom found in the literature. Therefore, this chapter 
examines the requirements, solutions, and dimensions of 
landslide resilience and presents a framework to 
strengthen community-scale resilience. The framework 
addresses how citizens can be engaged before, during, 
and after a disaster. This chapter also presents a few 
example tools used to operationalize this theoretical 
framework, such as Landslide tracker mobile app, 
Amritakripa mobile app, social media data analysis, and 
community involvement. It also examines the difficulties 
found while applying the citizen science approach in two 
case study locations in India: Munnar in the Western 
Ghats and Chandmari in Sikkim. This chapter and the 
case study can help policymakers, community leaders, 
change makers, administrative officials, and researchers 
in disaster management. 
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1 Introduction 


Landslides are among the most devastating disasters we can 
observe on hilly terrains. The spatial and temporal scale 
associated with landslides can destroy or disperse otherwise 
flourishing communities on these hilly terrains. Interventions 
in the form of mitigation measures (Sujatha et al. 2023) and 
early warning systems (Fathani et al. 2023) are effective tools 
and can protect communities against landslides. But various 
factors, such as economic, social, and physical, hinder the 
adoption of these interventions in poor or vulnerable 
communities. To translate these vulnerable communities 
into sustainable and resilient communities, adopting an 
improved and novel approach to building landslide resilience 
requires equal participation of all entities, including commu- 
nity citizens (Anderson and Holcombe 2013). 

Landslides affected an estimated 4.8 million people and 
caused more than 18,000 deaths from 1998-2017 globally 
(Turner 2018). Rising global temperatures due to climate 
change are expected to trigger more landslides, especially in 
mountainous areas with extreme rainfall events, snowfall, 
and glacial melts (Disaster Management 2018; IMD 2018). 
Additionally, landslides as part of multi-hazard events are 
becoming a noticeable concern. As per EM-DAT database, 
the year 2022 witnessed 387 environmental disasters world- 
wide, an increase from the decadal average of 370 from 2002 
to 2021 (CRED https://reliefweb.int/report/world/2022- 
disasters-numbers). More and more landslides are seen as 
part of multi-hazard events such as floods, storms, 
earthquakes, etc. Thus, traditional approaches to disaster 
management, such as establishing disaster management 
agencies, building the capacity of rescue forces, etc., are 
becoming increasingly ineffective. Global prominence has 
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been placed on building resilience to climate change and its 
associated risks, such as landslides. 

However, there is a gap between available scientific 
knowledge and the adoption of technological interventions 
by people at the community scale, where people are most 
vulnerable. This may stem from a lack of fundamental 
resources in the at-risk communities, including knowledge 
and expertise, financial support, governance support, effec- 
tive policies, and pathways to access these interventions. 
Oftentimes the technological interventions themselves lack 
the co-design and participatory rural appraisal techniques 
needed to understand the challenges and needs of specific 
communities for whom it is designed. Hence to design suit- 
able and easy-to-adopt interventions that are driven by the 
voice of the people, we need to adopt new approaches that are 
driven by the citizens. This calls for a close multi-stakeholder 
partnership between civil protection officials, academicians, 
and community members to create a novel citizen-science 
approach toward building landslide-resilient communities, as 
will be discussed in this book chapter. 

This book chapter explores existing interventions that 
enhance the advancement of climate resilience using 
citizen-centric approaches in fields of hazard inventory and 
landslide hazard and risk assessments, illustrated through two 
case studies from India. The requirements and solutions for 
achieving economic, social, physical, institutional, and envi- 
ronmental resilience are discussed. The chapter finally 
proposes some key requirements for achieving a landslide- 
resilient community throughout the disaster management 
cycle of pre, post, and during a disaster. 


2 Related Works 
2.1 Review of the Existing Citizen Science 
Approach 


Citizen science is “Scientific knowledge cogeneration by 
members of the general public, in collaboration with profes- 
sional scientists and scientific institutions’ (Haklay 
2013; Haklay et al. 2021). There have been growing global 
citizen science associations in recent years owing to the 
development of new tools and artificial intelligence-based 
algorithms (Can et al. 2019). Other advantages of the 
citizen’s approach are increased democratic engagement, 
public awareness, and involvement in current social 
challenges (Cieslik et al. 2019). Numerous research articles 
have used multimedia resources in terms of photos, videos, 
chats, dialogs, etc., from social media, news, and other open 
information platforms as sources for data for their research 
(Kocaman et al. 2018; See et al. 2016; Silvertown 2009). 
Recent developments in computational technologies can 
extract useful scientific inputs from these data sources 
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generated by the citizens (Kocaman and Gokceoglu 
2019a, b). These approaches are referred to as citizen science. 
They are useful for landslide studies where people living or 
working in landslide areas can act like human sensors and 
deciphers of local information (See et al. 2016). Several 
volunteer organizations trained by scientific institutions 
have been introduced in vulnerable places to aid in the 
quick and cost-effective collection of geodata (Goodchild 
2007; Rohan et al. 2020). 

Major challenges in using this approach are low accuracy 
of data, lack of standard terminology, language barriers, 
uncertainties led by missing data, reduced reliability of the 
information, and hence special techniques are required to 
decipher useful information (Goodchild 2007). These factors 
may drastically affect the regional landslide assessments 
(Kocaman et al. 2018). As a result, the development of data 
quality assessment and validation strategies has become a 
new venue of research in disaster management (Kocaman 
and Gokceoglu 2019a, b; Gu et al. 2015; Juang et al. 2019). 
In other words, the focus has been on bringing aspects of 
geodata such as categorizations based on location, participant 
type, medium of data collection, type of data, etc., so that 
reliability can be assessed and assured for developing the 
Landslide monitoring applications and data collections. 
(Parajuli and Shakya 2019; See et al. 2016; Can et al. 2020; 
Rohan et al. 2020). Other developments are in the field of 
developing efficient tools for volunteers to enable them to 
provide data and observations on landslides, i.e., NASA 
landslide reporter; Landslip Landslide tracker (Hariharan 
and Guntha 2021), runout distance assessments, store them 
in cloud servers and dynamically display on GIS-based 
interfaces. In other reviews, published earlier, the emphasis 
is on the categorization of citizen-science-based tools useful 
for different parts of disaster management (Kocaman et al. 
2018; Kocaman and Gokceoglu 2019a, b). Traditionally 
evolved local practices are at times more insightful (Dekens 
2007; Hiwasaki et al. 2014). However, the contribution of 
citizen sciences is also subject to geographical location, the 
technological know-how of the citizens, motivation, and 
participation behaviors (Franceschinis et al. 2020; Gaventa 
and Barrett 2010). 

A vital aspect of accurate landslide forecasting and 
modeling is access to a comprehensive and well-maintained 
hazard inventory (Landslide Reporter 2019). Capturing land- 
slide hazard date, time, location, the magnitude of impact, 
and the trigger is a necessity recognized by many in the 
landslide scientific community. However, maintaining such 
a database is a tremendous challenge for single-hazard 
events, which is further complicated in multi-hazard events. 
Specifically for multi-hazard events, the time interval 
between each hazard is essential to forecast potential risk 
increases. In lieu of this, the UK NERC/FCDO funded 
LANDSLIP project “Landslide multi-hazard risk assessment, 
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preparedness and early warning in South Asia’ (http://www. 
landslip.org/) also attempted to create a web and mobile App 
that allows for crowd-sourced information to create a land- 
slide hazard inventory including information on the trigger, 
damage assessment and type of landslides. 


3 Citizen Science Approach 
3.1 Requirements, Solutions, and Dimension 
of Landslide Resilience 


Community resilience against landslides has multiple 
dimensions associated with Economic, Social, Physical, 
Institutional, and Environmental resilience. Requirements, 
solutions, and association with the above dimensions for 
achieving landslide-resilient communities are enumerated 
below: 


1. Comprehensive landslide risk assessment: A comprehen- 
sive assessment of landslide risk is essential for 
identifying areas susceptible to landslides and 
implementing policies to restrict further development in 
these fragile locations. These measures help in building 
the physical and environmental resilience of the commu- 
nity (Ramesh et al. 2023; Rohan et al. 2021; Wadhawan 
et al. 2020) 

2. Land-use planning and zoning: Following a landslide risk 
assessment, proper land-use planning and zoning can help 
to prevent development in areas that are susceptible to 
landslides and protect the community from the impacts 
of landslides, resulting in establishing physical, economic, 
and environmental resilience of the community. 

3. Building codes and standards: Developing building codes 
and standards that consider landslide risk can help ensure 
that buildings are constructed to withstand potential land- 
slide hazards such as sinking or creep movements. These 
activities would help in bringing in physical resilience. 

4. Early warning systems: Early warning systems (EWS) can 
help to alert residents to the potential for landslides and 
give them enough time to evacuate or take other protec- 
tive/preventive measures. In the long term, the instrumen- 
tation output of EWS can help in planning and 
implementing landslide mitigation measures and hence 
help bring in physical and environmental resilience. 
(Thirugnanam et al. 2022) 

5. Education and awareness: Educating the community 
about the risks associated with landslides and their expo- 
sure level will help improve the community’s risk percep- 
tion. Additionally, providing them with information on 
how to prepare for and respond to landslides as a commu- 
nity, as opposed to individuals, is very important for 
building the community’s social resilience. 
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6. Community involvement, Coordination, and collabora- 
tion: Effective coordination and collaboration between 
government agencies, community organizations, and 
community members, are essential for implementing land- 
slide risk reduction measures and building a resilient com- 
munity. Moreover, a changemaker or community leader 
who works in tandem with organizations such as the 
Disaster Management Agency (DMA), Disaster Response 
Forces (DRF), and Non-Governmental Agencies (NGOs) 
can help strengthen the institutional resilience of the 
community. 


4 Operationalization 
of the Citizen-Science Approach 


Operationalization of the citizen-science approach is a com- 
plex task that involves coordination among the community 
members, collaboration with stakeholders, technical exper- 
tise, institutional capacity, supporting data, and access to 
resources and tools. The implementation of this approach 
within a framework and the use of various tools for imple- 
mentation is discussed further in this section below. 


4.1 Framework: Involving Citizens 
in Building Community-Scale Landslide 


Resilience 


This section discusses a citizen-centric framework for 
establishing a landslide-resilient community at various stages 
of a disaster cycle (i.e., pre, during, and post-disaster). 
Figure 2 below depicts the framework for achieving a 
landslide-resilient community involving citizens. A further 
model is being adopted and operationalized at two case study 
areas in the Indian subcontinent, one in the Western Ghats 
(Munnar, Kerala) and another in the MCT zone of Himalaya 
(Chandmari, Sikkim). Munnar is a hill station in the Western 
Ghats, with an altitude of 1532 m, spanning an area of 
187 km2, and Munnar gram panchayat has a total of 32,029 
inhabitants. (https://en.wikipedia.org/wiki/Munnar) 
Chandmari is a settlement in Sikkim Himalayas, with an 
altitude of 1786 m, spanning an area of 0.56 km? consisting 
of 1043 inhabitants. 
(https://geoiq.io/places/Chandmari/QcioAkbcFC) 


4.2 Pre-Disaster Measures 

“Prevention is better than cure” research shows that a consid- 
erable amount of cost and time can be saved if the 
communities are prepared to face the disasters. To prepare, 
the communities need to be aware of their physical, 
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Be ready for worst 
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Documents, Medicines, 
Cloths, Travel kit, 
Sanitary items, 
Expensive items 


Flexible pipe fittings, 
Attend community 
engagement program, 
Get trained to use 
Amritakripa App 


continuous heavy rain, 
Stay connected with 
volunteer groups, 
Unusual rumbling sound 


and embankments, 
Following construction 
protocol 


of tress or poles, 
Listening to weather 
forecasts, Reporting soil 
slips/ surface cracks via 
Landslide Tracker 


Platform for requesting help and maintaining records, coordinating among stake holders, coordinating rescue and relief operations. 
Eg. crowdsourcing app such as AmritaKripa 


Prepare Be watchful Stay alert masa Mitigations 
| Measuring rainfall 
v ; = g rainfall, 
= Mapping their A 
8 Vulnerability, Plant coe gee IN | Take turns to remain Stocking essential food Repairing roofs 
9 ground cover on slopes, Tilting awake during nights of supplies, Important Clearing drainage paths 
o 


Declaring damages, 
Helping the 
communities to get 
funds, Landslide 
information sharing via 
crowdsourcing app 
such as Landslide 
Tracker 


Recovering dead 
bodies, Finding lost 
children and family 


members, 
Volunteering in relief 
camps 


mud from the houses, 
Repair works 


Counselling, Yoga and 
Meditation sessions, 
Ensuring schooling for 
kids 


Sharing and caring, 
Medicines, Ensuring 
basic needs are met 


Fig. 1 Proposed framework for involving citizens in building community-scale landslide resilience 


economic, or social vulnerabilities. Mapping them provides 
clarity to the community members, which can also help them 
to be watchful, stay alert, be ready for the worst case, and 
undertake possible mitigations to avoid the projected loss. 
Measures such as planting vegetation on a slope, blanketing 
the slope surface for soil erosion control, directing surface 
runoffs, using flexible pipes to avoid breaking up utility lines, 
repairing buildings, and avoiding water leakages can be very 
helpful in reducing the chance of a landslide and minimizes 
the damage during the onset of a landslide (Fig. 1). 

During heavy rain, there are chances of power and net- 
work failures, and people may lose connectivity from the 
outside world and must remain on their own. During heavy 
rain, they must take turns remaining awake during the night 
and be prepared for the worst case. If they hear any unusual 
rumbling sound, they should alert others and evacuate the 
houses. Old-age family members, pregnant women, and chil- 
dren should be given special care during such times. Stocking 
essential supplies can help them feed their families when 
shops close or roads get blocked in remote areas. All families 
in the community should be trained to prepare a survival kit 
(also known as an emergency/disaster kit) that includes their 


important documents, medicines, clothes, travel kits, sanitary 
items, non-perishable food items, and any other necessary 
items ready in bags so that as soon as the decision on 
evacuation is made, they can leave the place without further 
delay. 

Organize community engagement programs with the 
assistance of disaster management experts from whom the 
community can get awareness about landslide precursors, 
do’s and don’ts during disasters, emergency first aid 
measures, etc. During these engagements, the community 
becomes acquainted with tools and technologies such as 
crowd-sourced apps (Ex: Landslide Tracker App, 
AmritaKripa App), and others that can assist the community 
at various stages of the disaster. Moreover, these events help 
the community identify community champions and 
volunteers who can play vital roles during a disaster. Addi- 
tionally, these community champions can take the knowledge 
of this training to various other individuals at the grassroots 
level of the community and transfer knowledge related to 
evacuation routes, safe grounds, and nearest relief camp 
locations. Such engagements will establish social resilience 
in the community. 
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During the monsoon season, the community must watch 
for rainfall, river water levels, and groundwater levels 
through wells. These are essential near real-time information 
on the hydrological triggers of landslides. Similarly, the 
tilting of trees can be indicative of creep movements. Surface 
slips may indicate subsidence, fault activation, and induced 
seismicity. However, the communities living in landslide- 
prone areas have learned to live with the disasters over 
time. Yet, assisting them with planned frameworks and 
tools can help them become more resilient, in light of climate 
change leading to an increasing number of yearly landslides. 


4.3 During-Disaster Measures 

Once the community receives the early warning for evacua- 
tion from the government, its priority would be to act quickly 
and move all its members to safe ground and then to the 
nearest relief camps. During the evacuation process, the 
community members have to ensure higher priority to vul- 
nerable community members such as old aged, specially- 
abled, pregnant women, and children. Further, ensure to 
take the survival kits prepared during the pre-disaster period. 
This survival kit will help the community survive until relief 
materials reach various agencies. 

Once the community is established temporarily in the 
relief camp, the next step is to ensure that all the community 
members are evacuated and that no one is left behind. 
Depending upon the available evacuation time and efficacy 
of the evacuation procedure, if some members couldn’t evac- 
uate, such members need to be identified during further 
search and rescue operations. Community leaders should 
coordinate these activities alongside the regional government 
agencies in charge of disaster management, such as the 
Disaster Relief Force (DRF) and the Disaster Management 
Agency (DMA). The community can utilize crowd-sourced 
tools, such as Amritakripa, social media platforms, etc., to 
coordinate these activities. The community also needs to 
ensure human rights protection during the disaster. This 
priority must be taken by the community leaders with support 
from the community. The community should also adjust and 
adapt to support the needs of the individuals on an equity 
basis. 


4.4 Post-Disaster Measures 

Depending on the scale and magnitude of the disaster, the 
damage to various infrastructures, utilities, and houses will 
vary. Hence, post-disaster management activities must be 
started by conducting a damage assessment. The outcome 
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to the damage assessment will be used to plan the further 
rehabilitation process and appeals to central govt agencies for 
financial aid. Often conducting a detailed damage assessment 
takes a lot of time and leads to delays in further processes. 
Still, with the aid of community leaders, it is possible to get 
rough damage estimates, using which central agencies can 
expedite the rehabilitation process. 

The rehabilitation process has varying complexities 
associated with the financial/economic dimension. Though 
some citizens would have insurance benefits and could 
quickly bounce back, the community’s poor/economically 
backward citizens would often rely on government relief 
funds, thereby extending the economic impact on their 
lives. Families with missing or deceased members would 
have to reshuffle their roles depending on their losses. For 
example, the loss of an income-producing member of the 
family would imply higher economic vulnerability. Hence, 
to resolve such issues, the community should actively engage 
with various govt and non-govt agencies to get benefits for 
vulnerable members of the community. The community can 
also set up self-help groups (SHGs) that can engage these 
people and generate income for them. These activities will 
help in the economic and social resilience of the community. 

Apart from the short-term activities described above, the 
long-term activities during the post-disaster period will help 
ensure the community can build back better and make itself 
more resilient against future disasters. These aspects involve 
better policies, technological interventions, mitigation 
measures, etc., but these topics are beyond the scope of the 
citizen-science approach. They hence won’t be covered in 
this book chapter. 


5 Tools for Operationalization 


5.1 Community Engagement 

Citizen involvement in the design and development process 
helps build awareness and a sense of ownership, leading to 
resilience building. In Munnar, the community was made to 
get involved from the beginning of the deployment stages. 
Community engagement programs were established follow- 
ing the deployment to explain the capabilities and other 
features of the landslide early warning system. Community 
members and the individuals living close to the deployment 
site got involved in maintaining the system by providing 
access to water and other resources, changing batteries as 
needed, and alerting us about animal intrusion, damaged 
cables, etc. This way, the community took ownership of the 
system. The first step towards resilience is to increase the 
local community’s awareness level of the potential hazards 
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their community is facing. Engaging the local community in 
pre-disaster drills to impart knowledge on proper evacuation 
routes and procedures. These drills would also help identify 
community leaders who can lead during such events. These 
drills would also help the community identify and recognize 
the vulnerable people in their community, such as the old 
aged, handicapped, people with special needs, etc., and be 
prepared to act during the limited time after warnings are 
issued. 


5.2 Social Media Data Analysis 

Social media has been used in disaster preparedness and 
management to strengthen situational awareness and improve 
emergency response. The common public can be informed of 
authoritative situational notifications by following official 
natural disaster management organizations on social media. 
We have used historical and real-time Twitter data to arrive at 
models that provide a spatiotemporal summary of the events 
related to “heavy rainfall before a landslide or a flood 
disaster,”. These precursor data are collated and evaluated, 
then the plausible occurrence of natural hazards that can be 
anticipated is identified using event detection algorithms. 
Due to the flooding of tweets during heavy rainfall and 
other disaster precursor conditions, government officials can- 
not decide when to take an event seriously because the 
information is not spatially and temporally quantified. 
This work helps the government authorities in decision- 
making and will provide situational awareness for the public 
(Fig. 2). 
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5.3 AmritaKripa Mobile App 

AmritaKripa is a disaster relief platform where users can 
request help regarding evacuation, medicines, and supplies, 
and other groups of people can provide the supplies. It has 
been used extensively during the 2018 and 2019 Kerala 
(Guntha et al. 2020) floods, where citizens’ inputs and feed- 
back have helped it to organically evolve and upgrade to 
make it more user-friendly, flexible, and effective for manag- 
ing rescue and relief efforts during single or multi-hazard 
situations. The location-based app could locate the demand 
and supplies, summarize, and help coordinate the efforts. 
This was also supported by 24/7 call centers where people 
could report their needs and the availability of excess 
resources. The app has supported such as (a) Requests and 
Offers; (b) Types, subtypes, and attributes; (c) Summary. The 
app was supported by a 24/7 call center during the 2018 and 
2019 Kerala extreme events as some people were not able to 
enter information into the app due to poor connectivity, lack 
of time, and training, however with the help of the call center 
this issue was taken care of. 


5.4 Landslide Tracker Mobile App 

The frequency of landslides on vulnerable hill slopes 
increases during the monsoon season. Data collection on 
vital variables is necessary to enhance disaster management 
due to the ever-increasing landslide incidences. Amrita has 
created a crowdsourcing-based application to facilitate real- 
time data collection, validation, summary, and distribution 
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Fig. 2 Tools used in the operationalization of the citizen-science approach 
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Fig. 3 Landslide tracker mobile App: A crowdsourced mobile app for ‘Spatial-temporal tracking of landslide events’ 


processes, as shown in Fig. 3. This software was created and 
developed by Amrita Vishwa Vidyapeetham as part of the 
LANDSLIP research project (http://www.landslip.org/). It is 
also freely accessible on Google Play Store. 

It integrates heterogeneous data into a structural database, 
which includes numbers, text, GPS locations, landmarks, and 
photos. Using GPS location, date and time of occurrence, 
images, type, material, size, impact, area, geology, geomor- 
phology, and comments, this geo-enabled approach aids in 
the real-time tracking of landslides. Additionally, it supports 
offline data entry. To guarantee the accuracy of landslide 
data, it also offers multiple-level user accounts based on 
their expert levels, such as Tracker, Investigator, and Expert. 
The occurrences have been recorded and tracked using inno- 
vative UI designs. All users have quick access to see the 
submitted landslides. The User can view entered landslides 
using the Google Maps interface, the tabular listing, or the 
landslide image listing. Date/Time and other filters can nar- 
row down the landslides. The smartphone app uses brief 
papers and videos to raise awareness about the risk of 
landslides. It contains instructions for staying safe, taking 
pictures, mapping, and selecting data from various 
possibilities. The suggested methodology is unique because 
it improves community involvement, incorporates event data 
collecting, organization, geographical and temporal summa- 
rization, and validates landslip events and their impact. It 
locates, maps, and informs landslide incidents in real-time 
so that appropriate disaster management procedures can be 
started to lower the risk level. The training was given to the 
community to build resilience to landslides through commu- 
nity involvement and student involvement in technical and 
social elements. The training was provided on how to mea- 
sure rainfall at people’s houses using the “Landslide Tracker” 
smartphone app (Guntha and Vinodini Ramesh 2021, April), 


as well as how to map the precursors of landslides, such as 
fissures in structures and roadways, rising river levels, etc. 
The current gap between scientific ideas and their practical 
implications in society can be closed by using an integrated 


strategy of technically technical and socially social 
involvement. 
6 Case Study: Implementation 


of Framework 


As mentioned, the above framework has been implemented 
in two case study sites. The two-case study site description is 
given below: 


e Munnar is situated in the Western Ghats region of the 
Indian peninsula. It is a hill station and a popular tourist 
destination, with more than 24,000 international and 
780,000 domestic tourists. Extreme rainfall events 
influenced by South Asian monsoon, improper drainage, 
development of buildings, roads, slope modifications, etc., 
trigger frequent landslides yearly. The landslide potential 
is enhanced by three rivers that converge in Munnar, 
causing flooding. The communities and individuals living 
in Munnar face multiple challenges during monsoon sea- 
son, threatening their security, livelihood, and life due to 
these landslides. 

e Chandmari is situated in the MCT zone of the Himalayas 
in Sikkim state of India. It is also a hill station and a 
popular tourist destination. The population density of 
Chandmari is 1858 people per sq. km. The terrain, geol- 
ogy, and climatic setting of Chandmari make it prone to 
landslides. Chandmari sees numerous large to very small- 
scale surficial landslides every year. Apart from this 
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Fig. 4 Implementation of the proposed framework in the pre-disaster 
period. (a). Measuring rainfall using manual rain gauges by school 
children. (b). The intensification of rainfall is shown from the data 
collected by kids in Munnar. (c). Live-in labs students measuring the 
cross-section of the river in low flow time. This was useful for 
estimating river discharge (cross-section *height * velocity). (d). 


Chandmari has also experienced cloud burst events in the 
past, and hence community resilience-based approach is 
more crucial. 


The framework implementation in the case study area during 
the various phases of disaster is shown in Figs. 4, 5 and 6. 
The community’s citizens are involved in various pre-disaster 
activities during the pre-disaster phase. Figure 4 shows 
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Locating and mapping the fresh surface slips. (e). A community engage- 
ment program is being conducted involving all the stakeholders. f) Girl 
students are being trained to map their vulnerability. (g). Community 
champions are equipped to measure and monitor the discharge of rivers 
from a bridge of an already measured cross-section 


images related to various pre-disaster activities undertaken 
in the case study locations: Munnar and Chandmari. 
Figure 4a shows the DIY rain gauge used by school children 
in the community to measure rainfall. Figure 4b shows the 
rainfall measurement records maintained by the children in 
the community. The figure shows that the daily cumulative 
rainfall in the month of June, which is the monsoon season, is 
increasing from June 13 onwards. Such rainfall quantified 
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information provides precise awareness to the community 
rather than perceiving it as qualitative information such as 
light or heavy rainfall. Figure 4c shows the community 
members measuring the cross-section and bathymetry of 
various streams before the onset of the monsoon season to 
estimate the water level rise in streams and to understand the 
discharge capability and its changes resulting from sedimen- 
tation. Figure 4d shows the community members recording a 
landslide in their locality using the Landslide Tracker app. 
Figure 4e shows the community engagement program 
organized by Amrita and the local panchayat officers, com- 
munity leaders, police cops, firefighters, and community 
members attending this event. Figure 4f shows the youth 
members, especially school and college girls, involved in 
the discussion before the monsoon. Community champions 
are equipped to measure and monitor the discharge of rivers 
from a bridge of an already measured cross-section. 

Figure 5 shows images of various activities during a 
landslide disaster undertaken in the case study locations: 
Munnar and Chandmari. Figure 5a shows a house that was 
damaged due to a landslide in 2018. Another catastrophic 
landslide happened near our deployment site in Munnar in 
August-2020. Figure 5b also shows another location of a big 
landslide event in Rajamala, Munnar, where the volunteers 
started coordinating the rescue and relief operations after the 
landslide. Figure 5c shows the combined effort by the com- 
munity members to clear the drains during the monsoon for 
smooth passage of excess water, because excess water 
accumulated may lead to a rise in pore-water pressure, 
which could further lead to slips in the soil. Figure 5d 
shows community volunteers coordinating with the National 
Disaster Response Force (NDRF) team to rescue people. 
Figure 5e shows the Amrita Kripa Rescue app advertisement 
and 24 hr. operational call center during the 2018 Kerala 
multi-hazard event. Over 6000 users had installed Amrita 
Kripa mobile app and call center to request help, rescue, 
food supplies, medicines, essentials, etc., during the 2018 
and 2019 Kerala multi-hazards, impacting more than 
400,000 lives. There are several cases of lost children and 
missing parents, and they need to be identified. For modeling 
landslides and early warning, it is very important to maintain 
systemic inventories and records on recent landslides. 
Figure 5f is a picture while the Amrita volunteers were 
working on setting up a call center, receiving calls, updating 
the App, and supporting the ground teams to the location of 
the victims. 

Figure 6 shows images related to various activities during 
the post-disaster period. Figure 6a shows the coordinated 
rehabilitation work in progress soon after the Rajamala land- 
slide. There was massive destruction, roads were blocked, 
bridges were washed away, and tons of debris accumulated, 
which needed to be removed to smooth the transportation and 
utility lines. After the disaster hits an area, some houses are 
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fully damaged, whereas some are partially damaged. Usually, 
it takes a while for people to get back to normal life. They 
might repair and live in the same houses or get a new place to 
build houses. During such time they must spend time in the 
relief camps. Figure 6b. Shows the active community 
members from Munnar volunteering in relief camps, ensuring 
the food supplies for the affected people sheltered in the relief 
camps. Often during rescue and relief operations, negative 
social elements are also active. Figure 6c. Shows the 
screenshot for the landslide tracker app used for systemic 
landslide information sharing. Figure 6d. Shows the district 
administration distributing the relief amount to affected peo- 
ple. Figure 6e Shows a group of volunteers with a truck filled 
with food and essential supplies. Figure 6f shows a group of 
social scientists from Amrita interacting, and counseling the 
people of communities who lost their family members in the 
landslide. During a disaster, people might have to endure 
trauma and stress. They are survivors of the landslide. 
However, some may have lost their near and dear ones, 
faced injuries, and might be mentally ill post-disaster. 
There are cases where some children deny going to school, 
they fear water. During our study in Kerala, we have 
witnessed cases where people who have invested their 
entire savings in building their house, when the house was 
buried in a landslide, get into an acute depression stage and 
need help. Long-term counseling programs and other eco- 
nomic and social resilience measures must be Self-help 
groups. 


7 Discussion 
7.1 Practical Challenges & 
Implementation Gaps 


Achieving landslide community resilience is a complex and 
multifaceted challenge that requires addressing various prac- 
tical challenges. In general, the challenges include: 


e Unwillingness to relocate: During our interviews, we 
found that few community members show a lack of will- 
ingness to relocate to safer locations despite being told by 
the officials that they reside at potential risk. The various 
factors for this generic unwillingness might be (i) due to 
emotional attachment to their homes and communities, 
(ii) due to concerns about losing their livelihoods, (iii) 
due to concern regarding access to services and amenities 
in the relocated place, (iv) due to lack of sufficient 
incentives from the govt such as financial compensations 
to set-up new infrastructure such as building house, 
fencing wall, etc. (v) due to trust deficits between the 
community members and the stakeholders, and 
(vi) general social anxiety in the community is also seen 


192 


Jajsesig Buung 


JE »] 
thLeer - 


0476 280 5050 


ANRA 


R DART A $ 
W Sangma manama AYUDE BAMRITA 


Amrita Kripa Rescue App 


g Now Available in Google Play Store 


Fig. 5 Implementation of the proposed framework during the disaster 
period. (a). Shows a landslide damaging a house. (b). Coordinated 
rescue and ensured supplies during relief operations by volunteers. (c). 
Community champions coordinate to clear the drains during the mon- 
soon to smooth the passage of excess water. (d). Community volunteers 
coordinating along with the NDRF team are working to rescue people. 


as relocations involving physically unrooting the entire 
community from its current location. 

To address these challenges and implementation gaps, 
involving community members in the decision-making 
process, providing adequate support and incentives, and 
working closely with relevant government agencies, 
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e) Shows advertising of the Amrita Kripa Rescue app and 24-hour 
operational call center where people could request help during the 
2018 and 2019 Kerala multi-hazards. (f) Shows a group of Amrita 
volunteers working in the set-up, receiving calls, updating the App, 
and supporting the ground teams to the location of the victims 


NGOs, and other stakeholders is important. Effective 
communication and awareness-raising efforts can also 
help to build trust and understanding between community 
members and those responsible for implementing the relo- 
cation program. Finally, it’s important to develop compre- 
hensive and sustainable relocation plans that address the 
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Fig. 6 Implementation of the proposed framework in the post-disaster 
period. (a). Shows the work in progress after the Rajamala landslide and 
coordinated rehabilitation. (b). Shows the active community members 
from Munnar volunteering in relief camps, ensuring the food supplies 
for the affected people sheltered in the relief camps. (c). Shows the 
screenshot for the landslide tracker app used for systemic landslide 
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information sharing. (d). Figures show that district administration 
distributes the relief amount to affected people. (e) shows a group of 
volunteers with a truck filled with food and essential supplies. (f). Fig 
shows a group from Amrita interacting, consoling, and counseling the 
people of communities who lost their family members in the landslide 


194 


needs and concerns of all stakeholders, including those 
being relocated and the broader community. 
Non-transfer of indigenous knowledge: The very fact 
that these vulnerable communities have survived in a 
landslide-prone area indicates strong indigenous knowl- 
edge regarding landslides. This knowledge includes ways 
to plan their settlements, building architectures, selection 
of crops that strengthen slope stability, rainwater manage- 
ment, locations of ephemeral drainages, etc. However, 
with increasing population and modernization, this indig- 
enous knowledge about the risk and living in synchroni- 
zation with nature is not efficiently transferred from 
generation to generation. This leads to weakening the 
coping capacity of the new generation. 

The protection of indigenous knowledge for landslide 
resilience faces several challenges, such as (i) lack of 
recognition and acknowledgment of the value of indige- 
nous knowledge systems, (ii) many modern engineering 
approaches to landslide resilience tend to ignore or dis- 
miss traditional knowledge and practices (iii) lack of 
younger generation’s interest in understanding and appre- 
ciation of indigenous knowledge, (iv) lack of documenta- 
tion and preservation of traditional knowledge, as most of 
it exist in oral form between the older generation, and 
(vi) finally lack of effective collaboration and communi- 
cation between indigenous communities and modern sci- 
entific communities. 

Lack of risk self-perception: Individuals or communities 
often underestimate the potential risk of landslides in their 
area. This can occur due to a variety of factors, such as a 
lack of knowledge or awareness about the local geology 
and topography, a belief that past landslides were isolated 
incidents and unlikely to occur again, or a sense of com- 
placency due to a lack of recent landslide events. 
However, this lack of proper landslide risk perception can 
be dangerous, leading to inadequate preparation and 
response measures in the event of an actual landslide. 
Thus, individuals and communities must be aware of the 
potential risks and take appropriate steps to mitigate them. 
Disaster education, awareness programmes, engagement 
in citizen-stakeholder dialogues, etc., can help raise the 
community’s landslide risk self-perception. 

Security issues in relief camps: From our interviews in 
the study area, when people from different walks of life 
are in relief camps, there are cultural gaps, and inequity in 
terms of gender, age, race, caste, religion, etc., which may 
lead to dominance, cases of harassment, abuse, etc. This is 
one of the major hindrances to the people’s willingness to 
evacuate to relief camps and temporary shelters. 

Limited resources: Building resilience to landslides 
requires significant resources, including financial, techni- 
cal, and human resources. Getting approval and funding to 
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conduct such engagement programs is also a challenge. 
Many communities lack the necessary resources to imple- 
ment and sustain resilience measures, hindering their 
efforts. The community leaders and NGOs having a rap- 
port with the stakeholders can somewhat solve this practi- 
cal challenge. 

e Community participation and ownership: Community 
participation and ownership are critical for effective land- 
slide community resilience; however, the practical 
challenges are (i) people living in landslide-vulnerable 
communities are usually from the lower middle class and 
depend on daily earnings; (ii) engaging communities can 
be challenging, particularly if they lack awareness or 
understanding of landslide risks. The practical challenge 
would be to make the individuals in the community under- 
stand the importance and their responsibility for the 
community’s welfare. 

e Limited technical expertise: Implementing landslide 
resilience measures often requires technical expertise in 
engineering, geology, and hydrology fields. Understand- 
ing landslide risk is a multidisciplinary challenge and 
requires integrating several domains of knowledge, 
which is very challenging. Many communities, particu- 
larly those in low-income countries, lack access to such 
expertise. Support from stakeholders, strong community 
leadership, and commitment to work for society can some- 
what solve this limitation. 

e Data availability and quality: Reliable data on landslide 
risks, vulnerabilities, and impacts are critical for effective 
resilience planning and implementation by stakeholders. 
However, data availability and quality can be a significant 
challenge in many landslide-prone areas, particularly in 
low-income countries. 

e Institutional capacity: Effective landslide community 
resilience requires strong local, regional, and national 
institutional capacity. However, many institutions lack 
the resources, capacity, and political will to effectively 
address landslide risks. 

e Hurdles in outreach programs: While conducting out- 
reach programs, people frequently use the time to discuss 
other critical everyday issues that they want to transmit to 
the administration because officials of the administration 
are present. As a result, bringing the ordinance to the topic 
of disaster becomes difficult. However, smart moderation 
of the programs, effective communication skills, and sup- 
port of local leadership should be sought in such 
situations. 


Addressing these practical challenges requires a multi- 
stakeholder approach involving community members, gov- 
ernment agencies, NGOs, and other leaders. Key strategies 
include building community awareness and participation, 
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improving technical capacity, enhancing data availability and 
quality, strengthening institutional capacity, and mobilizing 
resources to support resilience-building efforts. 


8 Conclusion 


The growing potential of citizen science with increased inter- 
net use is being utilized globally for extracting and validating 
essential information for landslide modeling and early 
warnings. This work discusses the gigantic potential of 
citizen-science techniques for establishing landslide resil- 
ience at the community level. It discusses implementing a 
proposed framework in the Indian context with two case 
study areas. This citizen-centric framework has been assorted 
at various stages of a disaster cycle, considering pre, during, 
and post-disaster time. 

It also discusses the requirements, solutions, and 
dimensions of landslide resilience which went into develop- 
ing effective disaster management tools, including Commu- 
nity Engagement, Social media data analysis, the Amrita 
Kripa mobile app, and the Landslide Tracker mobile app. 
They have been illustrated along with various practical 
challenges such as limited resources, limited technical exper- 
tise, and non-willingness of people to evacuate their houses 
experienced during the implication of the proposed approach. 

Providing aids like training, awareness programs, 
co-design workshops, tools for mapping and sharing infor- 
mation, requesting supplies, and free medical camps could 
bridge the gaps and solve such challenges. Further effective 
communication skills, support of local leadership, commu- 
nity awareness programs, encouraging participation, improv- 
ing technical capacity, enhancing data availability and 
quality, strengthening institutional capacity, and mobilizing 
resources to support resilience-building efforts are requisites. 
These practices can sustain the culture of keeping up the 
indigenous knowledge of local climate, local disasters, and 
resilient practices exercised in the community. Such frugal 
but quantitative measurements can transform and empower 
ordinary citizens into citizen scientists. The case study in this 
article can be useful for policy-makers, community leaders, 
change-makers, administrative officials, and researchers in 
disaster management. It can be implemented in other 
landslide-prone areas with minimal changes. 
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Abstract 


Physical modelling of landslides by analysing the 
behaviour of small-scale landslide models subjected to 
artificial rainfall can be divided into modelling under 1 g 
conditions and under increased acceleration (n times grav- 
ity) in a centrifuge. Physical modelling of landslide initia- 
tion began in 1970s in Japan on scaled natural slope 
models and after initial experiences with field and labora- 
tory research, the small-scale landslide modelling has 
found a wide application around the world in different 
aspects of landslide investigations, analysing different 
types of landslides, different types of slope materials and 
landslide movements. The main task of landslide physical 
modelling is research of initiation, motion and accumula- 
tion of fast flow-like slides caused by infiltration of surface 
water or by shaking on a shaking table. Studies that have 
included landslide mitigation measures into small-scale 
physical models are rare and have not established 
correlations with a behaviour of on-site mitigation 
constructions. This paper discusses the behaviour of 
small-scale slope models supported by remedial measures 
under artificial rain in 1 g loading conditions. Models of 
slope built of different materials, with and without applied 
remedial measures (gravity retaining wall, gabion wall, 
pile wall) were exposed to identical intensities of artificial 
rainfall. The results of the simulations indicated that the 
slopes supported by remedial measures retained stability 
of the slope in the same conditions in which the sandy 
slope collapsed, as well as under significantly prolonged 
precipitations. At the end of the simulations, significantly 
higher rainfall intensities were applied to the supported 
slopes, exceeding the infiltration capacity of the slope 
material and affecting surface runout. The combination 
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of surface erosion and saturation of superficial layer of a 
slope caused initiations of flow processes, while complete 
saturation of a slope when ground water level reached 
slope surface caused forming of a surface of rupture and 
consequently movements of the formed landslide body. 
The data obtained from the geodetic and geotechnical 
monitoring system enabled understanding of the overall 
process of rainfall infiltration and soil strength reduction 
to the development of the surface of rupture in a slope. 


Keywords 


Landslide - Small-scale model - 1 g - Remedial measure - 
Artificial rainfall - Monitoring 


1 Introduction 


Landslides are caused by exposure to hazardous motions of 
soil and rock down the slope (Cruden 1991) that threaten 
vulnerable human settlements in mountains, cities, along 
riverbanks, coasts and islands. An increase in the frequency 
and/or intensity of heavy rainfall caused by climate change, 
and shift in the location and periodicity of this rainfall due to 
changing climate significantly intensify the risk of landslides 
in some landslide prone areas. Although they are not fre- 
quent, strong earthquakes have potential to trigger rapid and 
long runout landslides. The combined effects of triggering 
factors including rainfall and earthquakes, can lead to greater 
impacts through disastrous landslides such as debris flows, 
rock falls and mega-slides. Landslides cause causalities and 
damage in the world every year: in the period between 2004 
and 2016 landslides caused more than 4600 causalities and 
damage of more than 10 billion US$ per year over the world 
with the probable growth of these values in coming years 
(Froude and Petley 2018). 

The answers of scientists, engineers, and all others 
included in landslide risk reduction is in significant develop- 
ing of landslide science in different fields from landslide 
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identification, mapping, and investigation; identification of 
landslide susceptibility, hazard, and risk; soil and rock test- 
ing; landslide modelling and simulation to landslide monitor- 
ing, mitigation, and remediation. Some of the answers are in 
different types of modelling of landslide related research. 
Landslide modelling for a long time was based on only 
numerical modelling techniques. Physical modelling of land- 
slide analyzing small scale landslide models’ behavior was 
started in 1970s and 1980s in Japan (Oka 1972; Kutara and 
Ishizuka 1982; Yagi et al. 1985; Yamaguchi et al. 1989) in 
natural slopes exposed to artificial rainfall. The laboratory 
experiments of landslide behavior in a scaled physical model 
(also called flume or flume test) started in 1980s and 1990s in 
Canada (Hunger and Morgenstern 1984), Japan (Yagi et al. 
1985) and Australia (Eckersley 1990) under | g conditions. 
On the other hand, small-scale landslide modelling under 
increased acceleration (n times the gravity) was successfully 
developed using a centrifuge (e.g. Kimura 1991; Take et al. 
2004; Liang et al. 2017). 

After initial experiences with field and laboratory 
research, the small-scale landslide modelling has found a 
wide application around the world in different aspects of 
landslide investigations, analyzing different types of 
landslides (e.g., flows, slides, falls and toppling) as well as 
different types of materials (rock mass, sandy, silty, and 
clayey materials) and landslide movements. The main task 
of landslide physical modelling was research of initiation, 
motion and accumulation of fast flow-like slides caused by 
infiltration of surface water in a slope and fluidification 
(Peranié et al. 2022c). Small-scale landslide physical 
modelling was also oriented to the second most important 
triggering factor, i.e., earthquakes after 2005 (Hong et al. 
2005; Wartman et al. 2005; Lin and Wang 2006). 

Although the small-scale landslide physical models, mod- 
ern monitoring techniques and different monitoring equip- 
ment enable good insight into initiation and development of 
modelled landslide, crucial issue is to establish relationships 
between small-scale, brief, idealized and by artificial bound- 
ary restricted model with the complex natural landslide 
process (Iverson 2015). These relationships are known as 
scaling or scaling laws and play a crucial role in small-scale 
model designing and interpretation of results. Successful 
scaling (of material parameters, model dimensions, boundary 
conditions, rainfall intensity and shaking parameters as 
triggering factors, measured movements, velocities, 
accelerations etc.) is a necessary precondition for realization 
of successful small-scale landslide modelling (Peranié et al. 
2022c). The use of physical modeling in landslide research 
has been significantly increasing in recent years. 

The research Project Physical modelling of landslide 
remediation constructions’ behavior under static and seismic 
actions, funded by the Croatian Science Foundation, started 
in October 2018 at the Faculty of Civil Engineering, 
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University of Rijeka, Croatia. The main Project aim is 
modelling behavior of landslide remedial constructions in 
physical models of scaled landslides in static and seismic 
conditions (Arbanas et al. 2019, 2020). In this paper, the 
behavior of small-scale slope models supported by 
remedial measures under artificial rain in 1 g loading 
conditions will be presented and discussed. Models of slope 
built of different soil materials, with and without of applied 
remedial measures (gravity retaining wall, gabion wall, pile 
wall) were exposed to identical intensities of artificial rain- 
fall. The results of conducted measurements form installed 
geodetic and geotechnical monitoring system enabled under- 
standing of overall process of rainfall infiltration and soil 
strength reduction to the development of the slip surface in 
a slope. 


2 Material and Methods 


2.1 Physical Model 

The physical model of a scaled slope was designed to enable 
initiation of a landslide caused by controlled artificial rainfall 
and equipped with adequate photogrammetric equipment 
and complex sensor network with ability to measure 
displacements, soil moisture and pore water pressures within 
a slope (Fig. 1) (Arbanas et al. 2020; Jagodnik et al. 2020). 
The dimensions of the model (flume) are 1.0 m (width) x 
2.3 m (length) x 0.5 m (height). The maximum depth of a soil 
material in the slope was adopted to be 30 cm. Slope inclina- 
tion of the model can be adjusted from 20° to 45°. To prevent 
possible sliding of the soil mass at the contact with the slope 
base, the geogrid mesh is fixed to the slope base to increase 
friction. The series of tests were carried out on slope 
inclinations of 30°, 35° and 40° with three different types of 
soil as slope material without and with applied different types 
of remedial measures (gravity retaining wall, gabion wall, 
pile wall). 


2.2 Soil Material Properties 

Three different soil materials with relatively simple behavior 
were selected to build the typical small-scale physical slope 
models: uniform sand (S) and sand-kaolin mixtures with 10% 
(SK10) and 15% (SK15) kaolin content. The fine-grained 
(0-1 mm) uniform Drava River sand was chosen as the 
base material to represent soil material in cohesionless slopes. 
The other materials were a mixture of the base sandy material 
with 10% and 15% by mass of industrial kaolin, representing 
the behavior of fine-grained, cohesive materials with low but 
stable present cohesion. Kaolin was chosen as a clay with low 
plasticity and a relatively well graded grain size distribution 
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Fig. 1 (a) Schematic view of the 
physical model with monitoring 
equipment: (1) tensiometers, 

(2) pore pressure transducers, 

(3) strain gauges, 

(4) accelerometers, (5) rainfall 
simulator (sprinkler system), 

(6) high speed cameras, 

(7) terrestrial laser scanner (TLS), 
(8) infrared camera; (b) photo of 
the physical model (Arbanas et al. 
2020; Jagodnik et al. 2020) 
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curve and is not too sensitive to changes in water content 
(Arbanas et al. 2019; Peranié et al. 2022c). 

The sand-kaolin mixtures were prepared by adding a 
predetermined amount of dry kaolin to dry sand (gravimetri- 
cally) and then mixing thoroughly with a laboratory mixer. 
During or before mixing, the amount of clean water was also 
poured into the soil mixture to achieve the desired initial soil 
moisture content. Once a homogeneous mixture was 
achieved, the material was placed in plastic bags, sealed 
and left to rest until the model was built (Vivoda Prodan 
et al. 2023). Grain size distribution curves were determined 
using a combination of sieving and sedimentation (hydrome- 
ter) analysis and are presented in Fig. 2. 

The Mohr-Coulomb strength parameters of the described 
materials—friction angle and cohesion were determined in a 


direct shear device at low normal stresses like those in the 
small-scale slope model at the same relative density of 50%. 


Hydraulic conductivity was determined at the same 
conditions as in the slope model, using the falling head test 
in an oedometer and triaxial apparatus. The basic physical 
and mechanical properties of the described materials and the 
targeted initial conditions at the start of the tests are given in 
Table 1 (Arbanas et al. 2020; Jagodnik et al. 2020; Peranié 
et al. 2022c; Vivoda Prodan et al. 2023). 


2.3 Monitoring Equipment 


In all types of slope physical models, very important issue is 
use and installation of measuring equipment necessary to 
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Fig. 2 Grain size distribution 
curves of sand (S) (in blue), sand- 
kaolin mixtures with 10% of 
kaolin content (SK10) (in orange) 
and sand-kaolin mixtures with 
15% of kaolin content (SK15) 

(in green) (Vivoda Prodan et al. 
2023) 


Sieve passing (%) 


enable measuring of movement, deformation, oscillations, 
pressure, forces, moisture, and other parameters necessary 
to determine the behavior of the slope. The selection of the 
measuring techniques and equipment in the physical model 
follows the practice of monitoring systems established on real 
landslides. In this sense, the sensor systems used in physical 
models can be divided into geotechnical monitoring systems 
and geodetic monitoring systems (Mihalić Arbanas and 
Arbanas 2015), where geodetic systems are mostly based 
on modern photogrammetric techniques for multi-temporal 
landslide analysis (Zanutta et al. 2006; Scaioni et al. 2015; 
Cignetti et al. 2019). Modern photogrammetric techniques 
including Structure from Motion (SfM) techniques for multi- 
temporal landslide analysis represent the most important 
tools for measuring of movement (Bitelli et al. 2004), 
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0.02 0.06 0.2 
Sieve diameter (mm) 


0.6 2 6 


acceleration and velocity of soil mass during sliding along 
artificial slopes in the physical models. Modern high-speed 
cameras enabled to provide stereo image sequences during 
sliding process, which is very important for investigation of 
very fast landslide occurrences (e.g., Akca 2013; Feng et al. 
2016). Geotechnical monitoring in physical models is based 
on application of miniature sensors equivalent to in field used 
geotechnical monitoring equipment (Wieczorek and Snyder 
2009). Different researchers established different monitoring 
systems using available types of sensors with adequate preci- 
sion for scaled slope models (de Dios et al. 2009; Ooi et al. 
2010; Wang et al. 2013; Ooi and Wang 2014; Lu et al. 2015). 

The monitoring system established in a physical model 
followed the principles used in the observation of real 
landslides and consisted of a geotechnical and a geodetic 


Table 1 The basic physical and mechanical properties of the sand and sand-kaolin mixtures built in the small-scale model and the initial conditions 


at the start of the tests 


Parameter Sand (S) 
Specific gravity, Gs 2.70 
Dry density, py (g/em*) 1.52 
Total density, p, (g/cm?) 1.55 
Effective particle size 

Dio (mm) 0.19 
Deo (mm) 0.37 
Uniformity coefficient, c,, 1.947 
Minimum void ratio, emin 0.641 
Maximum void ratio, @nax 0.911 
Hydraulic conductivity, k, (m/s) 1E-05 
Friction angle, œ (°) 33.5 
Cohesion, c (kPa) 0 
Initial porosity, n; 0.44 
Initial void ration, e; 0.78 
Initial relative density, D,; 0.5 


Initial water content, w; (%) 2 


Sand-kaolin mixture 


SK10 SK15 
2.69 2.67 
1.43 1.51 
1.50 1.63 
0.038 0.056 
0.31 0.207 
8.16 54.107 
0.647 0.544 
1.121 1.430 
6.78E-06 3.5E-06 

32.5 32.4 
2u 3.4 
0.469 0.434 
0.884 0.766 
0.5 0.75 
5 8.1 
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monitoring system. The geotechnical monitoring system 
comprised of a complex network of miniature sensors equiv- 
alent to the geotechnical monitoring devices used in the field 
(Mihalić Arbanas and Arbanas 2015). 

The ARAMIS system is an optical, noncontact 3D mea- 
surement system (GOM mbH, Braunschweig, Germany) that 
provides the entire workflow from taking measurements to 
analyzing data and presentation of the results. A set of two 
4-megapixel and two 12-megapixel high-speed cameras were 
used for multi-temporal landslide analysis from captured 
stereo image sequences (Ceh et al. 2022). The system enables 
continuous monitoring of the 3D coordinates of reference 
points through all stages of the activity of scaled landslide 
models. The FARO Focus 3D X 130 (FARO Technologies 
Inc., Lake Mary, FL, USA) terrestrial laser scanner was used 
to capture the 3D model surface at high resolution before the 
start and at the end of the test. 

The scanner uses phase-shift technology to accurately 
determine the relative 3D position of the scanned points, 
while reference points are used to overlap the scanned areas 
and define the relative coordinate system. A Nikon D500 
camera (Nikon Inc., Melville, NY, USA) with an ultra- 
wide-angle Tokina AT-X 11-20 lens was used for the SfM 
photogrammetry survey of the physical models. This tech- 
nology allows the creation of 3D models from multiple 
overlapping images taken at different triangulation angles. 

The geotechnical monitoring system consisted of a com- 
plex network of miniature sensors connected to data loggers, 
enabling continuous data collection on soil moisture, positive 
pore-water pressures and soil suction, electrical conductivity, 
temperature, pressures, displacements, and accelerations 
(Pajalić et al. 2021; Peranié et al. 2022a). 

Accurate observation of the hydromechanical response of 
small-scale slopes under controlled initial and boundary 
conditions provides necessary information on variables 
controlling the instability phenomena of rainfall-induced 
landslides. The development of a suitable sensor network 
for the test conditions and the selection of appropriate mea- 
surement techniques is the crucial step in the development of 
small-scale physical landslide models. There were several 
requirements that were considered during the selection of 
the measuring devices. Information on soil moisture content 
and the change in pore-water pressure (both positive and 
negative values) during rainfall infiltration had to be available 
at appropriate time intervals, depending on the experimental 
conditions. This requirement necessitated the use of digitized 
sensors and pressure transducers in combination with suitable 
data loggers with programmable data collection intervals. 
The additional important requirement to be considered was 
that the project envisaged testing a wide range of soils, from 
sand to clay. Therefore, the selected measurement equipment 
had to be able to cover a wide measurement range occurring 
in different soil textures, while ensuring sufficient precision 
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and resolution of the measured quantities, as well as the 
reasonable responsiveness and equilibration times depending 
on the tested soil type. Another consideration relates to data 
redundancy: data had to be collected simultaneously at sev- 
eral depths and along different profiles to obtain a complete 
picture of the temporal and spatial evolution of different 
variables during the experiment. Finally, the chosen monitor- 
ing equipment was intended to be used with both the small- 
scale physical landslide models for testing under static (rain- 
fall) and seismic (earthquake) conditions (Peranié et al. 
2022a). The detailed description of the selected and used 
sensors for monitoring the hydromechanical response of the 
slope model was provided by Peranic¢ et al. (Peranié et al. 
2022a) and Pajali¢ et al. (Pajali¢ et al. 2021). 


2.4 Rainfall Simulator 

The rainfall characteristics play a decisive role in rainfall- 
induced slope failures in small-scale physical slope models. 
The design of a rainfall simulator should meet specific 
requirements of the project and it was an important issue in 
the early stages of the platform’s development. In particular: 
the ability to apply a wide range of rain intensities depending 
on the soil material tested and the specific objectives of the 
experiment, sufficient spatial uniformity of the simulated 
rainfall and the ability to change rainfall patterns and 
characteristics, the prevention of excessive erosion due to 
raindrop impact forces (which are closely related to raindrop 
diameter and impact velocity), the portability of the rainfall 
simulator, due to its possible use not only with the platform 
for testing under static conditions, but also under dynamic 
conditions, were the main considerations in the design and 
construction of the simulator (Peranié et al. 2022a). 

Rainfall simulators are widely used tools to study hydro- 
logical processes such as interaction of rainfall with soil, soil 
erosion, surface runoff and infiltration (Lora et al. 2016a). 
Although it was possible to use some of the already devel- 
oped rainfall simulators (Iserloh et al. 2012, 2013; Lora et al. 
2016b), a new rainfall simulator was constructed as part of 
the project due to the lack of standard solutions. 

The rainfall simulator developed through the project 
consists of three independent branches that delivered water 
from the main control block to the spray nozzles each 
equipped with four different axial-flow full-cone nozzles 
with a spray angle of 45° or 60°. Each branch has been placed 
at such a height that the water can reach the edges of the 
plexiglass sides without creating too much water on the edges 
or water coming out of the model. This solution covers a wide 
range of rainfall intensities, from less than 30 V/h/m? to more 
than 140 I/h/m? at the reference pressure of 2 bars. A wide 
range of rainfall intensities and the possibility to change the 
location of rainfall by opening or closing valves on each of 
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Fig. 3 Photo of one branch with four axial-flow full-cone spraying 
nozzles 


the branches allows the modelling of different rainfall 
patterns and different rainfall intensities applied to the 
small-scale slope model (Arbanas et al. 2020). The main 
control block was connected to the water supply network, 
and consisted of the control units that regulated the rainfall 
simulator’s work, such as water pressure regulators, 
manometers, flow measuring units, filters, etc. High-density 
polyethylene pipes conveyed the pressurized water from the 
control block to three sprinkler branches, which were 
adjustable in height and equipped with various spray nozzles, 
Figs. 2 and 3. The rainfall simulator was fully portable and 
could be easily dismantled and installed at any location with a 
water supply ensured (Perani¢ et al. 2022a). 


2.5 Remedial Structures 
Remedial measures chosen to be tested in this research are 
mostly selected as constructions that are commonly used in 
remediation of relatively small landslides and are usually 
applied at the foot of the slope. These constructions belong 
to the group of retaining structures, but partly also to the 
groups of slope geometry modifications and drainage 
(Popescu 2001; Mihalić Arbanas and Arbanas 2015). Three 
types of retaining structures are selected as most effective: a 
gravity wall in sandy material, a gabion wall in silty material 
(sand-kaolin mixture with 10% of kaolin content, SK10) and 
a pile wall in clayey material (sand-kaolin mixture with 15% 
of kaolin content, SK15). The first step in construction of 
remedial measures was selection of scale factor. It was 
decided that the scale factor in geometrical scale low would 
be 1:20, and all dimensions of the selected remedial measure 
were scaled to 1:20. 

Considering the gravity retaining wall and the pile wall 
construction as remedial measures in the foot of a slope, 
which usually behave as rigid structures without or with 
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only very small internal deformations, 3D printing of 
elements of structures in scaled dimension using polylactic 
acid (PLA) material was selected to imitate remedial 
structures in real slopes. At the same time, the strength and 
deformability parameters of the material used for 3D printing 
are high enough to ensure rigid behavior of structures the 
without possibility of internal structure failure. Gabion wall 
structures are flexible structures that enable significant 
deformations of the overall structure, particular elements 
(filled gabion baskets) as well as along the contacts of the 
elements without losing the stability of the overall structure. 
Scaled gabion baskets are made of fiberglass netting, while 
the filling consists of gravel grains scaled in relation to the 
size of the stone blocks used in standard construction. 

Gravity retaining model elements are 20.0 cm long and 
26.0 cm high; the foundation is 6.0 deep and 9.0 cm wide, 
Fig. 4. The rear face of the wall is in the lower part inclined at 
108° while the upper part is vertical. The elements are 
connected with vertical key-pin elements enabling articular 
connection between the individual elements in one unique 
wall construction. In the lower part of the wall, above the 
foundation, two lines of the drains are derived to ensure 
adequate drainage and avoid forming hydrostatic pressure 
above the foundation behind the wall. 

The piles have 4.0 cm of outer and 3.0 cm of inner 
diameter, and a length of 32 cm (Fig. 5a). The piles are 
connected in elements of 3 piles, which are connected to 
the foundation beam (Fig. 5b) and head beam (Fig. 5c). The 
foundation beam is just an element that does not exist in field 
construction but is necessary to establish fixation in a base 
(e.g., bedrock in the field). The head beam is 6.0 x 6.0 cm and 
has 5.0 cm deep holes for the pile heads. The axial distance 
between piles is 6.5 cm. The base of the foundation beam is 
adjusted to the slope model inclination and 8.0 cm deep holes 
ensure the tightness of the pile bases. Head and foundation 
elements are connected with vertical key-pin elements 


d 


a 


Fig. 4 Photo of gravity retaining model elements. (a) front view, (b) 
side view 
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Fig. 5 Photo of pile wall elements. (a) piles, (b) foundation beam, (c) 
head beam 


enabling articular connection between the individual 
elements in one unique pile wall construction. 

Scaled gabion baskets made of fiberglass netting have 
dimensions of 5.0 x 5.0 x 10.0 cm and the filling material 
is uniform gravel 0.4—0.8 mm, Fig. 6. The gabion baskets are 
tailored from one piece of net and fixed by hot gluing. 


3 Construction of Slope Models 
3.1 Construction of Slope Models without 
Remedial Measure 


The previously described types of soil material (uniform sand 
(S) and sand-kaolin mixtures with 10% (SK10) and 15% 
(SK15) kaolin content) were built-in in the flume in five 
layers each 6 cm thick, up to a total height of 30 cm. To 
reach homogeneity of the material in the slope and relatively 
uniform conditions in built-up soil material, the model was 
built in three segments—lower (L), middle (M), and upper 
(U) part—building up the material from the foot to the top of 
the slope with compaction in each layer. To prevent possible 
sliding of the soil mass at the contact with the flume base, the 
geogrid mesh is fixed to the flume base to increase friction 
(Arbanas et al. 2020). 

Each type of soil material was previously tested using 
standard Proctor test according to the American Society for 
Testing and Materials (ASTM) standards and the American 
Association of State Highway and Transportation Officials 
(AASHTO) standards to determine optimal moisture content 
and adequate dry density of the material. The used materials 
were pre-prepared at optimal water content (Table 1) and 
build-in by manual compaction using the undercompaction 
method (Ladd 1978). For each segment of the slope and each 


Fig. 6 Photo of gabion model elements 


layer, the necessary mass of a soil material was previously 
calculated and weighed to ensure that the required initial 
compaction has been achieved. Before placement of the 
next layer, the surface of the previous layer was raked and 
sprayed with water to maintain the initial moisture and 
achieve the best possible connection between soil material 
of each layer. 

All sensors used in the tests inside the slope material were 
installed parallel to the soil layers after compaction of a layer 
was completed. The water-related sensors that were used in 
this research were TEROS 10 and TEROS 12 frequency- 
domain reflectometry-based soil moisture sensors which 
provided an indirect measurement of the volumetric water 
content of porous materials installed in all three tests, while 
the TEROS 31 mini tensiometers and the TEROS 21 mainte- 
nance-free matric potential sensor for measurement of soil 
water potential were used only in the tests with sand-kaolin 
mixtures. All sensors were manufactured by the METER 
Group AG (Munich, Germany) (Peranié et al. 2022b). The 
locations of the sensors were chosen as critical points for 
monitoring of the hydro-mechanical response of soil material 
in a slope model. The sensors were installed in the lower (L), 
middle (M) and upper (H) part of the slope, at different depths 
(6, 12, 18 and 24 cm) along the same profile to provide data at 
the same cross-section that enables validation and numerical 
analysis of the observed landslide initiation (Fig. 8) (Vivoda 
Prodan et al. 2023a). 


3.2 Construction of Slope Model 


with Installation of Gravity Wall 


In the test after construction of the sand slope in same 
conditions as in the test without remedial measures, installa- 
tion of gravity retaining wall was completed following the 
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Fig. 7 Positions of the embedded water related sensors in the small-scale landslide model 


sequence of works that is commonly carried out in a real 
slope. The gravity retaining wall was constructed from five 
20.0 cm long 3D-printed elements described previously, 
interconnected by an articular connection. The height and 
other dimensions of the wall were based on geometrical 
similarity of 1:20. The material used for the backfill of the 
wall was gravel, the grain size distribution of which was 
determined from geometrical similarity with coarse crushed 
stone fill material 1:20 that is usually used as backfill material 
behind walls. According to the position in the slope, the 
strength parameters of this material have no importance, 
while the hydraulic conductivity is significantly higher than 
for sand in the slope and has no influence on the infiltration 
process (Arbanas et al. 2022a) (Fig. 7). 

Additional impact of buttressing material is in increasing 
of vertical forces in the foot of the slope with consequently 
rise of soil strength in the zone as well as general decreasing 
of slope inclination. 

When the model slope of sandy material (S) was built at 
the inclination of 35°, the foundation pit in the foot of the 
slope was excavated and additionally compacted, and the 
retaining gravity wall was lined (Fig. 8a, b, c). After installa- 
tion of sensors at the rear face of the wall and laying 
geotextile, backfilling with gravel material was started 
(Fig. 8d, e). The slope was stepwise excavated to ensure 
adequate contact between the sandy slope and the gravel 
buttressing embankment (Fig. 8f, g). The gravel material 
was separated from the sandy material by a geotextile and 
compacted with a manual compactor (Fig. 8d to g). The 


buttressing material was built-in to approximately two thirds 
of the height of the slope with an inclination of the surface of 
1:1.5 (Fig. 8h). 


3.3 Construction of Slope Model 


with Installation of Gabion Wall 


In the test after construction of the silty slope (SK10) under 
the same conditions as in the test without remedial measures, 
installation of gabion retaining wall was completed following 
the order of works that is usually performed on a real slope. 
The gravity retaining wall was constructed from five previ- 
ously described gabion boxes in 4 rows. The height and other 
dimensions of the wall were based on geometrical similarity 
of 1:20. The material used for the backfill of the wall was 
gravel with the grain size distribution determined from geo- 
metrical similarity with coarse crushed stone fill material 1:20 
that is usually used as backfill material behind walls. 
According to the position in the slope, the strength 
parameters of this material are of no significance, while the 
hydraulic conductivity is significantly higher than for sand, 
allowing infiltration and vertical drainage to the level of the 
gabion wall foundation. As with the gravity wall, an addi- 
tional effect of the buttressing material is in increasing verti- 
cal forces in the slope’s foot area and the consequent increase 
in soil strength in the zone, as well as general decreasing of 
slope inclination. 
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Fig. 8 Installation of the gravity wall and buttressing embankment installed sensors; geotextile is laid, (e) filling the gravel material behind 
behind the wall into the prepared sandy slope: (a) excavated foundation the wall, (f) filled buttressing embankment behind the gravity wall along 
pit and installed element of the gravity wall, (b) first wall element the slope, (g) a view at buttressing embankment behind the gravity wall, 
installed in the foundation pit, (c) a view at the partially installed wall (h) model prepared for testing 

in the foot of the slope, (d) excavation for backfill behind the wall with 
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When the 35° model slope from silty material (SK10) was 
built, the foundation pit in the foot of the slope was 
excavated, filled with 2.0 cm of gravelly material and addi- 
tionally compacted (Fig. 9a), and the gabion boxes were 
built-in rows with regular overlapping (Fig. 9b to f). After 
installation of sensors and laying the geotextile, backfilling 
with gravel material was started (Fig. 9d to f). The slope was 
stepwise excavated to ensure adequate contact between the 
silty slope and gravel buttressing embankment (Fig. 9d to g). 
Gravel and silty material were separated by geotextile and 
compacted with a manual compactor (Fig. 9d to g). The 
buttressing material with a slope of 1:2 was built-in to 
approximately two thirds of the height of the slope (Fig. 9h). 


3.4 Construction of Slope Model 


with Installation of Pile Wall 


The installation of a pile wall in the slope model differs 
significantly from the installation of a gravity and gabion 
wall. While the installation of gravity and gabion wall models 
completely follows the order of works corresponding to those 
of a real slope, the installation of the pile wall and 
establishing of a small-scale slope model are carried out in 
parallel (Vivoda Prodan et al. 2023b). The first step is setting 
and fixing the foundation beam to the base of the model 
platform. The role of the foundation beam is to ensure the 
tightness of pile’s bases for the future retaining the load of the 
sliding body due to the movements down the slope. The 
foundation beam was assembled from five previously 
described 3D-printed elements, Fig. 10a. The pile wall 
consists of 15 piles with 4 cm of outer diameter and at 
6.5 cm of axial distance. The height (40 cm) and other 
dimensions of the pile wall and its elements were based on 
geometrical similarity of 1:20. After setting and fixing foun- 
dation beam, the first layer soil material was built in and 
compacted in all parts of the slope (L, M, H) and the model 
slope of clayey material (SK15) was built at the inclination of 
35°. The following step was the installation of the piles into 
the foundation beam was, Fig. 10b, after which placement 
and compaction of the other four layers of slope clayey soil 
material was conducted, until the planned slope model sur- 
face, Fig. 10c, d. After the clay slope model was built, the 
buttressing counterfort of gravelly material is constructed in 
the front of the pile wall. The embankment is 20.0 cm tall, 
with a 10.0 cm wide crown and 1:1.5 inclined front slope, 
Fig. 10e. The material used for the backfill of the wall was 
gravel with granulometric composition determined from geo- 
metrical similarity with coarse crushed stone fill material 1:20 
that is usually used as embankment fill materials. The gravel 
material in the counterfort was separated from the clayey 
material on the slope by geotextile and compacted with a 
manual compactor. This buttressing counterfort has two 
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roles: to hold on to the pile wall and to ensure faster drainage 
of water behind the pile wall. In real site, an additional role of 
this embankment is to provide a working plateau for heavy 
equipment for installation of piles. 

Three trenches, 8.0 cm wide, 10.0 cm deep and 65.0 cm 
long (from the pile wall along the slope), were excavated 
behind the pile wall and filled with gravel material Fig. 10e, f. 
Gravel material in trenches was separated from clayey mate- 
rial in the slope by geotextile and compacted by a manual 
compactor. The main role of these trenches is to collect part 
of the surface water on the slope and enable faster drainage to 
the toe of the slope. The second role is to increase the 
resistance of the slope surface to erosion by surface outflow. 

The next stage in slope construction is the installation of a 
head beam at the top of the piles and connecting the individ- 
ual piles into a single construction, Fig. 10f, g. After the 
installation of the head beam, the space between it and the 
slope was filled and compacted with a manual compactor, 
Fig. 10g, h. 


4 Testing and Results 
4.1 Testing of Slope Models without 
Remedial Measures 


The previous chapters have described the materials and 
methods used in small-scale landslide modelling in this 
research. Series of tests at the slopes of different materials 
(i.e., uniform sand (S) and sand-kaolin mixtures with 10% 
(SK10) and 15% (SK15) kaolin content) and different slope 
inclinations (30°, 35°, 40°) and different rainfall scenarios, 
but without installed remedial measures are conducted. 

A very large volume of result data was collected from 
various sensors installed inside a slope (tensiometers, pore 
pressure sensors, accelerometers, MEMS, pressure cells), as 
well as surface displacements captured by the ARAMIS 
system, terrestrial LIDAR scanning and digital camera that 
enables in-depth analysis of the sliding triggering and initia- 
tion process inside the slope, and its evolution under different 
initial and rainfall conditions. A significant part of research 
and analyses were carried out considering and comparing the 
conditions present in the model at the moment of landslide 
initiation and the modes of further landslide development. 
The following analyses were carried out and published: initi- 
ation and development of a landslide in a slope of clear 
uniform sand (S) (Arbanas et al. 2020; Jagodnik et al. 2020; 
Pajali¢ et al. 2021); initiation of a sandy slope due to the rise 
of the groundwater level and hydraulic pathways and a 
reduction in the shear strength of the soil due to infiltration 
in small-scale slope model built in sandy (S) and silty (SK10) 
materials (Perani¢ et al. 2022a); comparison of the mecha- 
nism of rainfall induced landslides in small-scale models 
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Fig. 9 Installation of the gabion wall and buttressing embankment slope material with geotextile, (e) installed second row of gabion 
behind the wall in a prepared silty slope: (a) excavated foundation pit boxes, (f) filled buttressing embankment behind the gravity wall along 
with compacted layer of gravel, (b) first row of gabion boxes installed in the slope, (g) a view at the buttressing embankment behind the gabion 
foundation pit, (c) second row of gabion boxes installed, (d) filled wall, (h) model prepared for testing 

buttressing embankment behind the gravity wall separated from the 
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Fig. 10 Installation of pile wall construction and buttressing counterfort in the front of piles, (e) complete buttressing counterfort and 
counterfort in the front of the wall in clayey slope: (a) setting and fixing excavated trenches (f) filled trenches and installed head beam, (g) a view 
foundation beam to the model base, (b) installation of piles in founda- at pile wall with embankment behind the head beam, (h) model prepared 
tion beam, (c) built in the soil layers in the slope, (d) base of buttressing for testing 
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built of different materials (sandy (S), silty (SK10) and 
clayey (SK15)) (Vivoda Prodan et al. 2023a, b); comparison 
of landslide initiation in small-scale sandy (S) and clayey 
(SK15) slopes (Peranié et al. 2022c); comparison of the 
behavior of sandy (S) and clayey (SK15) slopes during rain- 
fall in small-scale model (Arbanas et al. 2022b); and rainfall 
loss and erosion process in a small -scale slope (Bezak et al. 
2022). In this chapter, these results will not be presented 
separately. Instead, results are used to highlight the impact 
of remedial measure constructions exposed to the same 
conditions as slopes built from the same material and exposed 
to same rainfall events without present remedial measure 
constructions. 


4.2 Testing of Slope Model with Gravity 


Retaining Wall 


After the slope models were built and the monitoring equip- 
ment installed in the slope, the slope models were exposed to 
artificial rainfall from three nozzles, one nozzle in each part 
of the slope—the upper (U), middle (M) and lower (L) part. 
The results of two tests are presented here: two models of a 
sandy (S) slope, with and without applied gravity retaining 
wall, were exposed to identical intensities of artificial rainfall. 
The course of the test developments is shown in Fig. 11. In 
both tests, the slopes were exposed to an initial rainfall 
intensity of 81.4 mm/h. The selection of rainfall intensity 
was based on infiltration conditions in a slope and the main 
requirement was that all rainwater at the point of contact on 
the model surface infiltrates without forming surface runoff. 
The applied intensities were at the upper precipitation values 
that can be infiltrated in a soil (Arbanas et al. 2022a). 

After the initial establishment of a constant rainfall inten- 
sity and a stable infiltration process, both slope models were 
exposed to rainfall with a constant intensity for both slopes to 
allow similar rainfall conditions in a slope with and without a 
gravity retaining wall applied. The intensity of 81.4 mm/ 
h was maintained for 56 min when the first crack occurred 
in the slope model without remedial measures applied (Test 
no. 2) and after the ground water level reached soil surface in 
the lower (L) part of the model, Fig. 12a. The constant 
groundwater level in the lower (L) part of the model was 
maintained until the end of the test and the nozzle above the 
lover part of the model was closed. During this period, the 
landslide in the slope without gravity wall applied developed 
retrogressively to the top of the slope (Fig. 12a, c, e), while in 
the slope with gravity wall applied there were no visible signs 
of landslide initiation in the form of development of cracks 
during this entire period. 

When the retrogressive development of the landslide in 
the slope without gravity wall reached the top of the slope, 
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Fig. 11 Simulated rainfall during the test on the sandy slope without 
gravity wall (blue) and the test on the sandy slope with gravity wall 
applied in the foot of the slope (black). Vertical lines mark the times of 
the first crack evidence 


the rainfall intensity was increased to 157.2 mm/h in the next 
10 min, and finally increased to 229.9 mm/h until the final 
failure of the slope 128 min after the start of the test. A similar 
succession of rainfall was applied to the slope without a 
gravity wall, but there was no initiation of a landslide in a 
similar time period and with similar rainfall intensities 
(Fig. 11). 

At the same time, under the same rainfall conditions, no 
sliding process in the slope with the retaining gravity wall 
applied occurred, indicating that the remedial measures 
applied with the gravity wall and the coarser backfill material 
behind the wall confirmed the intended role in maintaining 
the stability of the sandy slope (Test no. 10). The first cracks 
in the test on the slope with the gravity wall occurred in the 
123rd min after the increase of rainfall intensity to 157.2 mm/ 
h and it was completed after the 134th min with the opening 
of the nozzles in the upper part of the slope with an intensity 
of 229.9 mm/h, which was above the infiltration capacity of 
the sandy material. 

After the application of a high rainfall intensity in the 
upper part of the slope (229.9 mm/h), higher than the infiltra- 
tion capacity of the sandy material, there was a sudden 
development of the erosion process of the sandy material 
and a global instability of the slope occurred, which resulted 
in exceeding the bearing capacity of the soil under the 
retaining wall foundation, Fig. 12b, d, e. Although the 
retaining wall did not completely collapse and overturn, the 
horizontal displacement caused by the local failure below the 
retaining wall foundation and the horizontal soil compaction 
in the foot of the slope enabled a global collapse of the slope. 
The applied rainfall intensities that caused this global col- 
lapse are significantly high and, considering scaling relative 
to real slope sizes, represent rare extreme rainfall events. 
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Fig. 12 Development of landslides in small-scale sandy slope without 
and with installed gravity retaining wall: (a) initial instability in the foot 
of the unsupported slope (62 min), (b) slope after the first cracks in the 
slope with retaining wall (129 min), (c) development of the landslide to 
the top of the unsupported slope (90 min), (d) development of the 


The superficial signs of landslide initiation that occurred 
and the reasons for their occurrence in the case of a slope 
without applied gravity wall can be explained by the results 
of continuous volumetric water content monitoring (Fig. 13). 
The process of landslide initiation and development was 
described by the volumetric water content increasing due to 
infiltration until saturation in the deepest part of the slope, 
forming the water table. As it becomes established, a flow 
down the slope begins, causing a rapid rise in the groundwa- 
ter level in the lower part of the slope. This leads to a decrease 
in the soil shear strength with complete loss of matric suction, 


landslide to the top and advancement of the debris flow on the slope 
with retaining wall (134 min), (e) landslide in the unsupported slope at 
the end of the test (134 min), (f) landslide and debris flow in the slope 
with retaining wall at the end of the test (155 min) 


failure and further retrogressive landslide development to the 
top of the slope (Peranié et al. 2022c), Fig. 12a, c, e. 

In both tests, almost the same rainfall exposure conditions 
were achieved, and the monitoring devices were installed in 
the same positions on the slope to allow measurement of 
changes in volumetric water content. The sensors for measur- 
ing volumetric water content were installed at four different 
depths (6, 12, 18 and 24 cm below the slope surface) in the 
lower (L), middle (M) and upper (H) parts of the slope 
(Fig. 13). When analyzing the development of rainfall infil- 
tration and the formation of a ground water level along the 
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Fig. 13 Volumetric water content and pore water pressure gravity retaining wall; (b) at 6 cm below the surface, (d) 12 cm below 
measurements in tests without applied gravity retaining wall (a) at the surface; (f) 18 cm below the surface; (h) 24 cm below the surface in 
6 cm below the surface; (c) 12 cm below the surface; (e) 18 cm below upper (H), middle (M), and lower (L) part of the slope 

the surface; (g) 24 cm below the surface and in the test with applied 
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slope in both models, no significant deviations in the mea- 
surement results were found. Neglecting the differences in 
water contents at the beginning and during the tests caused by 
initial differences and heterogeneity in soil density (primar- 
ily) and water content (which is also related to density), the 
plots showing the change in volumetric water content in the 
model within the tests show similar trends over a similar time 
period of applied rainfall. This suggests that the main role of 
the gravity wall and the coarser backfill material behind the 
wall is to increase soil strength in the slope foot and 
associated erosion prevention that has occurred on the slope 
without remedial measures (Arbanas et al. 2022a). 

After the rainfall intensity in the upper part of the slope 
(157.2 mm/h) exceeded the infiltration capacity of the sandy 
material, there was a sudden development of the erosion 
process of the sandy material and a global instability of the 
slope occurred, which resulted in exceeding the bearing 
capacity of the soil under the foundation of the retaining 
wall. The retaining wall did not completely collapse and 
overturn, but the horizontal displacement allowed a global 
collapse of the slope. The applied rainfall intensities that 
caused this global collapse are significantly high and, when 
scaled relative to real slope sizes, represent rare extreme 
rainfall events. Despite this fact, in the following tests, the 
applied remedial measures should be improved to avoid this 
type of collapse even under such extreme circumstances. 


4.3 Testing of Slope Model with Gabion Wall 
As described earlier, the slope model with a gabion wall 
applied in the foot of the slope as remedial measure was 
constructed in a similar way to the slope model with a gravity 
retaining wall. The results of two tests are presented: models 
of a silty (SK10) slope with and without a gabion retaining 
wall applied, exposed to identical intensities of artificial 
rainfall. The course of the test developments is shown in 
Fig. 14. In both tests, the slopes were exposed to an initial 
rainfall intensity of 32.8 mm/h. Again, the selection of rain- 
fall intensity was based on infiltration conditions in a slope 
and the main requirement was that all rainfall at the point of 
contact on the model surface infiltrates without forming sur- 
face runoff. The intensities applied were at the upper precipi- 
tation values that can be infiltrated in a soil. 

After the initial establishment of a constant rainfall inten- 
sity and a stable infiltration process, the models were exposed 
to rainfall with constant intensities for both slopes to enable 
similar rainfall conditions in both models. The intensity of 
32.8 mm/h was maintained throughout the tests. The constant 
groundwater level in the lower (L) part of the model was 
maintained until the end of the tests and the nozzle above the 
lover part of the model was closed after the groundwater 
reached surface in this part of the model. 
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Fig. 14 Simulated rainfall in the test on the silty slope without applied 
gabion wall (blue) and test on the silty slope with applied gabion wall in 
the foot of the slope (black). Vertical lines mark times of the first crack 
evidence 


The first crack on the slope without gabion wall applied 
(Test no. 5) occurred in the 22nd min in the upper part of the 
slope. Thereafter, the landslide progressively developed to 
the foot of the slope (Fig. 15a, c). In the 74th min, the ground 
water level reached the bottom of the slope (Fig. 15a) and 
started to flow to the surface (Fig. 15a, c). As the test 
progressed, the ground water in the middle part of the slope 
(M) was rising, reaching the slope surface (Fig. 16a, c, e, g) in 
increasingly higher parts of the slope, while the amount of 
outflow water was gradually increasing (Fig. 15a, c, e). This 
outflow and the resulting surface runoff as a consequence 
have two additional processes: washing out of silty (kaolin) 
particles from the soil in the slope and surface erosion 
(Fig. 15a, c, e). Surface flow was enhanced by rainfall 
water that could no longer infiltrate into the slope. Parallel 
to this process, retrogressive development of the landslide to 
the top of the slope started (Fig. 15c) and after 135 min the 
landslide had spread to the top of the slope. A steady state 
flow conditions were established (Fig. 16a, c, e, g) and no 
further development of the landslide occurred. Only the ero- 
sion process caused by the surface runoff continued and the 
test was terminated after 155 min. 

Under the same rainfall conditions, the behavior of the 
slope with gabion wall installed differs significantly (Test 
no. 11). The first crack of the landslide in the slope with the 
gabion wall applied occurred in the 35th min in the upper part 
of the slope, but no significant sliding development was 
observed in the period that followed the landslide initiation. 
This indicates that the applied remedial measures with gabion 
wall and coarser backfill material behind the gabion wall 
confirmed the intended role in retaining the stability of the 
silty slope (Fig. 15b, d, e). The other differences from the 
slope without remedial measures are the absence of ground 
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Fig. 15 Development of landslides in small-scale silty slopes without 
and with installed gabion wall: (a) initial instability in the unsupported 
slope (79 min), (b) slope before the first cracks in the slope with gabion 
wall (24 min), (c) progressive development of landslide and flow out of 


water outflow from the slope to the slope surface and, sec- 
ondarily, washing out of silty particles. It is obvious that the 
coarser backfill material behind the gabion wall plays an 
important role in slope surface erosion protection as well as 
in faster drainage of ground water than the basic silty material 
in the slope. The test continued with the same rainfall inten- 
sity until the 210th min. However, after steady state flow 
conditions were achieved (Fig. 16b, d, f, h), there was no 
further landslide development and practically without erosion 
in the upper part of the slope (Fig. 15f). 

Although the stability of overall slope was not completely 
retained and the main crack at the top of the slope indicated 
the formation of a sliding surface, the overall displacements 


ground water to the surface (90 min), (d) occurrence of landslide to the 
top on the slope with gabion wall (135 min), (e) landslide and erosion in 
the unsupported slope (118 min), (f) a view of the slope with gabion wall 
at the end of the test (210 min) 


are generally small and no signs of instability in the foot of 
the slope were visually observed. The displacements 
measured in the central part of the crown of the gabion wall 
were less than 2.5 cm, but no visible signs of loss of stability 
of the gabion wall itself were detected. 

The superficial signs of sliding initiation and the causes of 
their occurrence in the case of the slope with and without 
applied gabion wall can be explained by analyzing the results 
of continuous volumetric water content monitoring (Fig. 16a 
to h). The process of landslide initiation and development 
was described by the increase in volumetric water content 
due to infiltration until saturation in the deepest part of the 
slope, forming the water table. As it becomes established, a 
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measurements in tests without applied gabion wall (a) at 6 cm below 
the surface; (c) 12 cm below the surface; (e) 18 cm below the surface; (g) 
24 cm below the surface and in the test with applied gravity retaining 
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wall; (b) at 6 cm below the surface, (d) 12 cm below the surface; (f) 
18 cm below the surface; (h) 24 cm below the surface in upper (H), 
middle (M), and lower (L) part of the slope 
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flow down the slope begins, causing a rapid rise in the 
groundwater level in the lower part of the slope. This leads 
to a decrease in the soil shear strength with complete loss of 
matric suction, failure, and landslide development to the top 
of the slope, Fig. 15a to f. 


4.4 Testing of Slope Model with Pile Wall 

The slope model with installed pile wall as a remedial mea- 
sure in the foot of the slope was constructed significantly 
differently from the slope models with gravity retaining wall 
and gabion wall as described in the previous chapters. The 
results of two tests are presented here: two models of a clayey 
(SK15) slope, with and without applied gabion pile wall, 
which were exposed to identical intensities of artificial rain- 
fall. The course of the test developments is shown in Fig. 17. 
In both tests, the slopes were exposed to an initial rainfall 
intensity of 32.8 mm/h. The selection of rainfall intensity was 
again based on infiltration conditions in a slope and the main 
requirement was that all rainfall water at the point of contact 
on the model surface is infiltrated, i.e., no surface runoff is 
generated. The applied intensities were at the upper precipi- 
tation values that can be infiltrated in a soil. 

After the initial establishment of a constant rainfall inten- 
sity and a stable infiltration process, the models for both 
slopes were exposed to constant rainfall intensities to enable 
similar rainfall conditions. The intensity of 32.8 mm/h was 
maintained throughout the tests. The constant groundwater 
level in the lower (L) part of the model was maintained until 
the end of the tests and the nozzle above the lover part of the 
model was closed after the groundwater reached the surface 
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Fig. 17 Simulated rainfall in the test on the clayey slope without 
applied pile wall (blue) and test on the clayey slope with applied pile 
wall in the foot of the slope (black). Vertical lines mark times of the first 
crack evidence 


in this part of the model. The intensity in the upper parts of 
the slopes did not change. 

The first crack of the landslide in the slope without applied 
pile wall (Test no. 8) occurred in the middle part of the slope 
after 35 min. After that, the landslide retrogressively devel- 
oped to the top of the slope, but without significant 
displacements. In the 48th min, the ground water level 
reached the surface in the middle part of the slope 
(Fig. 18a) and started to flow to the surface (Fig. 15a, c). As 
the test progressed, the ground water was rising and reached 
the surface along the slope (Fig. 16a, c, e, g), while the 
amount of outflow water was gradually increasing 
(Fig. 18a, c, e). This outflow and the resulting surface runoff 
as a consequence have two additional processes: the washing 
out of silty (kaolin) particles from the soil in the slope and 
surface erosion (Fig. 18a, c, e). Surface runoff was increased 
by rainfall water that could no longer infiltrate into the slope. 
During this increasing erosion process, no further landslide 
development occurred. Once a steady state flow condition 
was established (Fig. 19a, c, e, g), only the erosion process 
due to surface runoff continued and the test was terminated 
after 195 min. Even in the situation when the rainfall intensity 
was significantly increased (to 82.5 mm/h from the 175th min 
to the end of the test), no further landslide development 
occurred. 

Under the same rainfall conditions, the behavior of the 
slope with installed pile wall differs considerably (Test 
no. 12). The first crack of the landslide in the slope with 
applied pile wall occurred in the 81st min in the upper part of 
the slope. Thereafter, no significant sliding displacements 
occurred in the slope with the pile wall applied, indicating 
that the applied remedial measures with pile wall and coarser 
backfill material behind the head beam of the pile wall 
confirmed the intended role in maintaining the stability of a 
clayey slope (Fig. 18b, d). The other differences related to the 
slope without remedial measures are absence of ground water 
outflow from the slope to the slope surface and washing out 
of silty particles. The drainage tranches behind the pile wall 
have an important role in collecting surface water to prevent 
slope surface erosion. The test was conducted at the same 
rainfall intensity until the 108th min, when the erosion pro- 
cess started in the upper part of the slope (Fig. 18d). The 
steady state of the flow (Fig. 19b, d, f, h) was achieved and 
there was no further development of the landslide until the 
230th min of the test. At that moment, the rainfall intensity 
was significantly increased to 82.5 mm/h (from 230th min to 
the end of the test), which significantly exceeded the infiltra- 
tion capacity, intensifying the erosion process in the entire 
upper part of the slope. Additional displacement of the land- 
slide body was also observed, but the pile wall and 
buttressing construction in the toe of the slope remained 
stable (Fig. 1 8f). 
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Fig. 18 Development of landslides in small-scale clayey slope without 
and with installed pile wall: (a) erosion process after initial instability in 
the unsupported slope (85 min), (b) slope after the first cracks in slope 
with pile wall (107 min), (c) development of erosion process on 


Although the stability of overall slope with the installed 
pile wall and buttressing embankment in the toe was not 
completely retained and the main crack at the top of the 
slope indicated slip surface formation, the overall 
displacements were relatively small and there were no visible 
signs of instability in the foot of the slope. The measured 
displacements in the central part of the head beam of the pile 
wall were less than 5 cm, but no visible signs of loss of 
overall stability of the pile wall structure were observed 
(Vivoda Prodan et al. 2023b). 

The superficial signs of sliding initiations that occurred 
and the causes for their occurrence on slopes with and with- 
out applied pile wall and other remedial elements 


unsupported slope (159 min), (d) start of erosion process in the upper 
part of the slope with retaining wall (175 min), (e) overall erosion at the 
unsupported slope (181 min), (f) erosion process in the upper part of the 
slope with pile wall (194 min) 


(buttressing, drainage tranches) can be explained by the 
results of continuous volumetric water content monitoring 
inside the slope (Fig. 19a to h). The process of landslide 
initiation and development was described by the volumetric 
water content increase due to infiltration, until the complete 
saturation in the deepest part of the slope, forming the water 
table. Once it becomes established, a flow down the slope 
begins, causing the groundwater level to rise rapidly in the 
lower part of the slope. This leads to a decrease in the soil 
shear strength with complete loss of matric suction, an 
increase in soil weight, failure and landslide development to 
the top of the slope, Fig. 18a to f. 
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Fig. 19 Volumetric water content and pore water pressure wall; (b) at 6 cm below the surface, (d) 12 cm below the surface; (f) 
measurements in tests without applied pile wall (a) at 6 cm below the 18 cm below the surface; (h) 24 cm below the surface in upper (H), 
surface; (c) 12 cm below the surface; (e) 18 cm below the surface; (g) middle (M), and lower (L) part of the slope 

24 cm below the surface and in the test with applied gravity retaining 
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5 Discussion and Conclusions 


Physical modelling of landslides by analyzing small scale 
landslide models’ behavior was started in 1970s and 1980s 
in Japan on natural slopes exposed to artificial rainfall. Labo- 
ratory experiments on landslide behavior in a scaled physical 
model under 1 g loading conditions started in the 1980s and 
1990s in Canada, Japan and Australia. 

The small-scale landslide modelling has found a wide 
application around the world in different aspects of landslide 
investigations, analyzing different types of landslides (e.g., 
flows, slides, falls and toppling) as well as different types of 
materials (rock mass, sandy, silty, and clayey materials) and 
landslide movements. The main purpose of landslide physi- 
cal modelling was to study the initiation, motion and accu- 
mulation of fast flow-like slides caused by infiltration of 
surface water into a slope and fluidification, but also to 
study earthquake-induced landslides. The use of physical 
modeling in landslide research has been significantly increas- 
ing in recent years, as evidenced by the increasing number of 
articles published in journals and at conferences. 

Although the small-scale landslide physical models, mod- 
ern monitoring techniques and different monitoring equip- 
ment enable good insight into initiation and development of 
modelled landslide, one crucial issue is to establish 
relationships between small-scale, brief, idealized and by 
artificial boundary restricted model with the complex natural 
landslide process. These relationships are known as scaling 
or scaling laws and play a crucial role in small-scale model 
designing and interpretation of results. Successful scaling 
(of material parameters, model dimensions, boundary 
conditions, rainfall intensity and shaking parameters as trig- 
gering factors, measured movements, velocities, 
accelerations etc.) is a necessary precondition for realization 
of successful small-scale landslide modelling. 

In this paper we presented partial results of the research 
Project Physical modelling of landslide remediation 
constructions’ behavior under static and seismic actions, 
funded by the Croatian Science Foundation, started in 
October 2018 at the Faculty of Civil Engineering, University 
of Rijeka, Croatia. The main Project aim was modelling and 
researching the behavior of landslide remedial constructions 
in physical models of scaled landslides in static and seismic 
conditions. In this paper, the behavior of small-scale slope 
models supported by remedial measures under artificial rain 
in | g loading conditions are presented and discussed. 
Models of slope were built of different soil materials, with 
and without applied remedial measures (gravity retaining 
wall, gabion wall, pile wall) and exposed to identical 
intensities of artificial rainfall. The measurements results 
collected from the geodetic and geotechnical monitoring 
systems enabled understanding of overall process of rainfall 
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infiltration and soil strength reduction to the development of 
the slip surface in a slope. 

In the previous chapter, the results of two series of tests 
carried out on slope inclinations of 35° degrees built of 
different soil materials, uniform sand (S) and sand-kaolin 
mixtures with 10% (SK10) and 15% (SK15) kaolin content, 
with and without applied remedial measures were presented. 
The first series of tests was carried out on basic slope models, 
while in the second series of tests the gravity retaining wall, 
gabion wall or pile wall were installed as adopted remedial 
measures and then exposed to artificial rainfall intensities 
identical to that of the first series of tests. The aforementioned 
constructions were selected as appropriate remedial measures 
against instability that occurred on the slope models in the 
first series of tests without remedial measures. The models, 
materials and procedures that were applied during the 
models’ construction were presented in detail. Both series 
of models with and without applied remedial measures were 
exposed to almost completely identical rainfall scenarios to 
enable a comparison of the slope behavior results obtained 
and the effects of the applied remediation measures to slope 
stability. 

As it was described above, in the same time exposed to the 
same rainfall scenarios, almost no significant sliding pro- 
cesses and displacements in the slope with applied remedial 
measure occurred that indicate that the applied remedial 
measures with remedial measure and coarser backfill material 
behind the wall constructions confirmed the intended role to 
retain slope stability. However, it should be emphasized that 
after applying of the rainfall intensity at the upper part of the 
slopes higher than infiltration capacity of slope materials, 
sudden development of erosion process of slope materials 
and occurrence of global instability of slope appeared. The 
retaining constructions did not collapse but horizontal dis- 
placement pointed on global possible global collapse of the 
slopes in ace of prolonged rainfall of high intensity. 

The analyses of the rainfall infiltration and the formation 
of a ground water level along the slope in both model series 
with and without remedial measure constructions applied do 
not reveal any significant deviations in the measurement 
results, if the differences in water contents at the beginning 
and during the tests, caused by initial differences and hetero- 
geneity in soil density and water content, are neglected. The 
graphs representing the development of volumetric water 
content in the model during the tests show similar trends 
over similar time periods of applied rainfall in both series of 
tests, suggesting the conclusion that the main role of the 
applied remedial constructions and coarser backfill material 
behind the constructions is in increasing soil strength in the 
slope foot and the associated erosion prevention in the slopes. 
As one of the most important findings which came out from 
this research is that the matric suction in a slope at low 
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confining stresses, such are those present in slope models, has 
a governing role in retaining stability of slopes. In almost all 
cases, the failures, and evidences of sliding process were 
observed in time period when ground water was formed in 
a slope causing full saturation and total loss of matric suction. 
The impact of pore pressure to reduction of effective stresses 
and strength at the slip surface in small-scale models is too 
low and has no significant role in instability occurrences in 
1 g conditions. This fact can be applied to shallow landslides 
in general and would be very easy to confirm, despite all the 
difficulties in applying small-scale model results to real 
slopes. 

The results presented were mostly based on observations 
from high-speed cameras that enabled to provide stereo 
image sequences during the sliding process, and on a geo- 
technical monitoring network of miniature sensors connected 
to data loggers that provided continuous data collection on 
soil moisture, positive pore-water pressures and soil suction, 
electrical conductivity, temperature, and pressures. During 
the tests, some other equipment was used as part of the 
slope monitoring, e.g., photogrammetric equipment for 
multi-temporal landslide analysis of image sequences 
obtained from a pair of high-speed stereo cameras, terrestrial 
laser scanning and SfM photogrammetry surveys, the results 
of which were not included in this paper. These data were 
recorded and collected during the conducted tests, and these 
results will enable detailed kinematic analyses of the points at 
the surface of the slope model determined in the pre- and 
post-slide phases. Although the results currently analyzed 
already give a relatively good insight into the impact of the 
applied remedial constructions on increasing the overall sta- 
bility of the slope in the models, a comprehensive analysis of 
all collected data will allow a more detailed and precise 
description of all parts of the models and especially of the 
remediation structures behavior. 
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Abstract 


Our study focuses on a slow-moving landslide in the 
Thompson River valley, south-central British Columbia, 
Canada, that has posed a hazard to the national railway 
transportation corridor since 1880. Real-time kinematic 
global navigation satellite systems, unoccupied aerial 
vehicles, and satellite synthetic aperture radar interferom- 
etry time-series show significant displacement 
encroaching on railway infrastructure. In this paper, 
geospatial relationships between landslide distribution 
and specific terrain features, and the environmental 
conditions triggering instability are determined from 
field-based geological observations. We describe how 
earth material stratigraphy, textures, and penetrative pla- 
nar structures are important controls on sub-surface drain- 
age, and how these factors influence the style, timing, and 
rate of slope displacement. West of the railway tracks, 
slide scarps extend across the toe slope, corresponding to 
narrow zones of high displacement, presence of perennial 
springs and seepage, and cutbank erosion along the river 
channel. Fluvial incision exposes weak, failure-prone 
units at the base of the fill sequence, and with ongoing 
channel migration promotes instability by altering land- 
slide toe geometry. Currently, the zone of potential dis- 
placement does not extend upslope into the inactive 
(1880) main slide body, east of the tracks. Seasonal 
variations in hydrogeological conditions influence the 
spatial and temporal patterns of surface water and 


groundwater flow, in turn controlling the distribution of 
translational-rotational displacement of slide blocks, and 
rates of movement on reactivated shear surfaces that 
extend under Thompson River. Slope failure occurs 
along weak, sub-horizontal shear zones within poorly 
drained glaciolacustrine clay and silt units, overlain by 
rapidly drained glaciofluvial outwash gravel, and imper- 
fectly drained till diamicton. River levels exert a complex 
control on landslide stability, influencing hydraulic 
gradients within the basal glaciolacustrine unit, particu- 
larly along rupture surfaces within it. Ground displace- 
ment occurs while river levels are at their lowest between 
February and March, before peak flows in June, or after 
July until December while storm-fed river levels progres- 
sively lower to the next winter minimum. Groundwater 
levels remain elevated in the slide body throughout the 
year, contained in porous gravel and sand beds, and along 
brittle fractures and sub-horizonal shear zones in silt-clay 
varve beds. Geospatial and temporal change-detection 
monitoring of active landslides and at-risk infrastructure, 
when benchmarked with terrain and hydrogeological 
observations, is a cost-effective hazard management prac- 
tice that provides important geoscience information to 
help develop appropriate early warning, mitigation, adap- 
tation, and risk reduction measures. 
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Fig. 1 North Slide study area in 
relation to major national railway 
transportation corridors in 
southwestern British Columbia. 
A Ashcroft; K Kamloops; 

L Lytton; S Spences Bridge; 

V Vancouver; CN Canadian 
National Railways; CP-KC 
Canadian Pacific Kansas City 
Railways. TR Thompson River; 
FR Fraser River 


electricity, potash, grains, forest products) to deep-water 
marine and freshwater terminals, and for transporting goods 
entering continental North America from global markets. 
Unfortunately, across much of the country, vital socioeco- 
nomic infrastructure and operations are confined to transpor- 
tation corridors where terrain is highly susceptible to 
landslide activity (Bobrowsky and Dominguez 2012). As 
part of the International Programme on Landslides (IPL) 
Project 202, our study contributes to landslide disaster risk 
reduction along a critical section of the primary national 
railway corridor (Huntley et al. 2022a). 

This paper focuses on the North Slide in south-central 
British Columbia (Fig. 1), a geomorphically active landslide 
that has posed a hazard to the national railway transportation 
corridor traversing the Thompson River valley since 1880 
(Fig. 2a). With a surface area of 1 km’, the slow-moving 
translational-rotational landslide is an ideal field laboratory 
for observing geomorphic processes while testing and 
evaluating novel slope monitoring and evaluation techniques. 
Here, we describe the local surficial geology and 
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geomorphology, and develop a hydrogeological model to 
inform the interpretation of results from geospatial monitor- 
ing of unstable slopes and at-risk infrastructure (Journault 
et al. 2018; Huntley et al. 2021; Rotheram-Clarke et al. 
2022). 


1.1 Generalized Climate and Hydrology 


at North Slide 


The IPL Project 202 study area lies within the drought prone 
Very Dry Hot subzone of the Bunchgrass biogeoclimatic 
zone (Nicholson et al. 1991; www.for.gov.bc.ca [2018 
URL]). Seasonally variable weather conditions are recorded 
at Kamloops, 65 km to the east, while river discharge is 
measured 40 km downstream, near Spences Bridge (Fig. 1). 

Precipitation (~250 mm, annual average) is concentrated 
in May to September (20 mm to 40 mm, monthly) when it 
falls as rain, and in December and January (20 mm to 30 mm, 
monthly) when it falls mainly as snow. The driest months are 
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Fig. 2. WorldView satellite 
imagery and UAV orthomosaic on 
the North Slide. (a) Historical 
activity and landslide hazard 
rating for the North Slide: IV— 
Active (0.105 km”); II—1880 
landslide (0.753 km?); II— 
Prehistoric landslide (0.249 km”); 
I—stable terrain. (b) Orthomosaic 
image derived from UAV aerial 
photography, showing location of 
ground control points, and annual 
movement (2019-2020). (c) 
Detail of ground control point 
NS-12 on a floodplain boulder 

(2 cm-ground resolution at 70 m 
above ground surface). A-A’— 
Cross-section along borehole 
transect (see Fig. 4); CN Canadian 
National Railways; CP-KC 
Canadian Pacific Kansas City 
Railways; TR Thompson River 
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February to April (http://climate.weather.gc.ca/ [2018 URL]) 
when infiltrating precipitation and snowmelt contributes to 
shallow groundwater recharge (Holmes et al. 2018; Holmes 
et al. 2020; Sattler et al. 2020). 

Thompson River discharge reflects spring snowmelt and 
rainfall variation. Baseflow varies annually from <200 m*s_! 
to ~600 ms |, with a freshet peak in late May or June of 
<2000 mĉs™! to >4000 m3s~! (http://wateroffice.ec.ge.ca 


ZS6V71L9S 


[2018 URL]). Across the North Slide toe slope, the river 
changes in elevation by up to 8 m (~270 m to 278 m elevation 
based on the high-water mark at piping holes observed along 
the riverbank) in response to spring melt in the surrounding 
mountains and seasonal precipitation events. River levels are 
at their minimum between early January and early March; 
and start to rise in late April to early May, continuing through 
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until late July. By early August, river levels are starting to 
decline to the winter minimum beginning in December. 


1.2 Historical Change Detection at North 


Slide 


The North Slide is an ancient landslide that reactivated as a 
sudden onset, rapid retrogressive flow-slide around 9 pm on 
October 14, 1880 (Stanton 1898; Evans 1984; Clague and 
Evans 2003; Fig. 2a). In common with other nineteenth 
Century translational-rotational landslides in the valley, the 
slope failed during and after the summer months, at a time 
when terraces were intensively irrigated for agricultural land 
use, and the toe slope was incised and over-steepened by 


railway construction. Air photos between 1928 and 1997 


showed historical bank erosion rates averaging 70 cm yr. ', 


with Thompson River eroding the slope below the rail grade 
(Porter et al. 2002). In October 2000, movement along 150 m 
of the toe slope resulted in 5 to 15 cm of settlement at the rail 
grade. Peak observed movement rates were approximately 


Fig. 3 Provisional geospatial a) 
monitoring results for North Slide 
(2019-2021). (a) 3D UAV 
deformation over North Slide 
between 2019-09-19 and 2021- 
09-28 (modified from Rotheram- 
Clarke et al. 2022; Huntley et al. 
2022b). Vectors indicate 
horizontal deformation from 
digital image correlation and 
colour scale represents the 
difference in DSMs. Hill-shade 
transparency is applied for 
context. (b) InSAR linear 
deformation rate map with semi- 
transparent hill-shade applied for 
context. Deformation rate is 
estimated from an InSAR time- 
series spanning January 5, 2021, 
to December 3, 2021 (modified 
from Rotheram-Clarke et al. 2022; 
Huntley et al. 2022b). CN 
Canadian National Railways; 
CP-KC Canadian Pacific Kansas 
City Railways; TR Thompson 
River 
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15 cm yr. ', with an average rate of 3 cm yr. ' (Porter et al. 
2002). 

Recent movement near critical railway infrastructure has 
been captured by epochal real-time kinematic (RTK) global 
navigation satellite system (GNSS) monitoring, uninhabited 
aerial vehicle (UAV) photogrammetry, bathymetric 
soundings, and ground observations. Ground displacement 
measurements with these technologies (Fig. 2b) correspond 
to change-detection results derived from RADARSAT 
2 (RS2), SENTINEL 1 (S1) and RADARSAT Constellation 
Mission (RCM) synthetic aperture radar interferometry 
(nSAR) datasets (Fig. 3a, b; Huntley et al. 2021; 
Rotheram-Clarke et al. 2022). From 2019-2020, 
RTK-GNSS measurements indicated significant NW move- 
ment was restricted to ground control points (GCP) NS-7 
(NW, 3 cm yr. '), NS-8 (NW, 16 cm yr.'), and NS-9 
(NW, 20 cm yr. |). Wide-coverage deformation patterns 
and vectors (Fig. 3a) were calculated from subpixel offsets 
between precisely co-registered UAV orthophotos and hill- 
shaded digital surface models (DSM) (Rotheram-Clarke et al. 
2022; Huntley et al. 2023). Digital image correlation and 
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DSM of differences show significant displacement 
encroaching on rail infrastructure. West of the tracks toward 
the river channel, slide scarps extend across the toe slope 
(Fig. 2b), with corresponding narrow blocks with NW dis- 
placement >50 cm yr. ' (Fig. 3a). RS2, S1, and RCM time- 
series all reveal similar linear displacement patterns across 
the landslide toe (Huntley et al. 2021). Between 2016 and 
2019, RS2 and S1 peak ground velocities were < 25 cm yr. ! 
and < 15 cm yr. ' respectively, while cumulative 
displacements were < 10 cm yr. | (RS2) and < 8 cm yr. ! 
(S1). 

The 2020-2021 RCM InSAR results (Fig. 3b) revealed 
severe deformation from the end of August to middle 
September, with several fringes indicating movement of 
approximately 2 cm to 5 cm over 16-day and 28-day periods, 
and a complex deformation pattern in the most affected 
zones. Four-day interferograms showed nearly a full fringe 
cycle, suggesting ~2 cm of rapid, complex deformation 
(Huntley et al. 2021; Rotheram-Clarke et al. 2022; Huntley 
et al. 2023). 

Between 2016 and 2021, peak cumulative displacement 
captured by InSAR analysis, UAV surveys, and RTK-GNSS 
strongly corresponded to changes in river surface elevation 
(and water depth) over the submerged toe slope, active flood- 
plain, and along steep channel banks. Peak ground displace- 
ment occurred while river levels were at their lowest between 
February and March (before rising to peak in June), or after 
July until November as storm-fed river levels progressively 
lowered to the next winter minimum. Increased displacement 
rates and peak ground movement velocities toward the river 
occurred during rapid river drawdown between late summer 
and early winter, with a > 5.6 m change in river level between 
spring and fall and a mean annual discharge above 900 m? s7 
! (Huntley et al. 2021). During these seasons, groundwater 
levels remained elevated in the slide body, likely contained in 
porous sand beds and along brittle fractures and 
sub-horizonal shear zones in silt-clay beds (Porter et al. 
2002; Eshraghian et al. 2007; Eshraghian et al. 2008). 


1.3 Baseline Geological Conditions 


at the North Slide 


In the vicinity of the North Slide, Thompson River occupies a 
broad, approximately 1 km-deep, locally steep, bedrock val- 
ley. Above ~500 m elevation, valley slopes are locally man- 
tled by colluvium or drumlinized drift. Valley-bottom 
benchlands around 350 m elevation have been incised by 
Thompson River since the last glaciation, forming an inner 
gorge with steep slopes up to 125 m high (Fig. 2a). Thick 
(50 m to 150 m) Pleistocene valley-bottom fill is exposed 
along post-glacial terrace scarps of Thompson River and its 
tributaries (Ryder 1976; Clague and Evans 2003; Johnsen 
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and Brennand 2004). These sediments include multiple 
glaciolacustrine units, separated by till and outwash record- 
ing at least three glaciations: the last (Late Wisconsinan) 
glaciation, the penultimate glaciation (Early Wisconsinan), 
and an earlier glaciation (Ryder et al. 1991; Clague and Evans 
2003). The upper part of the sediment sequence was depos- 
ited during deglaciation when repeated glacial lake stages 
occupied the valley (Fulton 1969; Ryder 1976; Johnsen and 
Brennand 2004), and shortly after deglaciation when the 
valley bottom was choked by paraglacial sedimentation 
(Church and Ryder 1972). 

The active toe slope is underlain by silty diamicton that 
unconformably overlies 8 m of sand and gravel, and a > 30 m 
thick package of sand, silt, and clay (Fig. 4; Porter et al. 
2002). Porter et al. (2002) and Huntley et al. (2021) reported 
that a prominent toe bulge and rhythmically interbedded 
layers of soft brown clay, stiff, highly plastic dark grey clay 
and grey silt were exposed on the river floodplain. Borehole 
piezometer and inclinometer monitoring revealed preferential 
shearing in similar soft brown clay beds, with rupture zones 
at 290 m and 270 m elevation, equivalent to 10 and 30 m 
below the CP-KC rail grade (BGCOO0-01 and BGCO0-04), 
and 5 to 10 m below the riverbed (BGCO0O0-03) (Porter et al. 
2002; Fig. 4). Piezometer data indicated hydrostatic 
conditions occur locally at depth below the track and an 
upward groundwater gradient in the landslide toe (Porter 
et al. 2002). 


2 Methods and Observational Results 


Landslide research at the North Slide has two aims: (1) to 
characterize earth material composition, particularly beneath 
railway infrastructure; and (2) quantify spatial and temporal 
characteristics of slope displacements. This study relates to 
the first objective and provides important context for better 
addressing the second. Landslide form and function in the 
Thompson River valley are strongly influenced by the strati- 
graphic ordering of sub-surface earth material textures, 
porosities, penetrative planar structures, and hydrology 
(Huntley and Bobrowsky 2014; Huntley et al. 2020). 

To help determine the degree to which these controls 
influence the nature, extent, and activity of the North Slide, 
we combined terrain mapping ground-truthed by field 
observations with stratigraphic analysis of legacy borehole 
logs (Fig. 4) to characterize hydrogeological variability at the 
test site (cf. Huntley et al. 2022a). 


2.1 Terrain and Hydrogeological Mapping 


Surficial earth materials and landforms were mapped using 
Worldview satellite imagery (Fig. 5a), together with a DSM 
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Fig. 5 Generalized surficial geology and geomorphology of the North 
Slide and adjacent terrain. (a) Distribution of terrain units, landforms, 
and drainage features. (b) Schematic cross-section along A-A’, showing 
the stratigraphy based on field observations and boreholes. Terrain 


and ortho-rectified and geo-referenced digital natural colour 
air photographs taken by a Phantom 4 UAV during repeat 
photogrammetric overflights in September 2019-2022 
(Fig. 2b). UAV imagery was sufficient to resolve cobble- 
sized boulders and anthropogenic features (<5 cm across) 
at a flight elevation 70 m above ground level (Fig. 2b). 
During desktop terrain analysis, visual interpretation of imag- 
ery relied on the recognition and separation of geological 
features using colours, tones, surface textures, patterns, 
shapes, sizes, shadows, and field observations. 
Hydrogeological interpretations were codified following 
British Columbia terrain mapping standards and the Geolog- 
ical Survey of Canada (GSC) surficial geology data model 
(Howes and Kenk 1997; Deblonde et al. 2018). 


coding merges mapping conventions of Howes and Kenk (1997) and 
Deblonde et al. (2018). Locations of photographs in Figs. 6b-d and 7b-f 
are also shown 


2.1.1 Benchmarked Satellite Image 
Interpretation 
Worldview satellite imagery (Fig. 5a) and merged 


orthomosaic air photos (Fig. 2b) capture baseline surface 
conditions across the active North Slide toe slope, along 
with the extent of bare earth and vegetation growth (e.g., 
grasses, shrubs, and trees) on the inactive slide main body 
and adjacent stable terrain. Larger geomorphic features and 
terrain units are visible on satellite imagery (Fig. 5a). For- 
ested upper valley slopes, ranging from 16° to 26° to 27° to 
35°, are covered by a discontinuous ground moraine veneer 
(<2 m) overlying glacially streamlined bedrock (Tv/R). 
Sustained surface drainage to lower slopes is maintained 
from a moraine-dammed kettle lake confined to a hanging 
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Fig. 6 Field observations of terrain and landforms across the main 
body and crown scarp of North Slide. (a) Oblique aerial photograph 
showing location of landslide zones and field photographs. CN Cana- 
dian National Railways; CP-KC Canadian Pacific-Kansas_ City 
Railways; TR Thompson River. (b) Gullied crown scarp exposing 


paleo-valley at 680 m elevation. Sparsely vegetated 
mid-slopes (16° to 26°) are covered with thicker (>2 m), 
sometimes gullied ground moraine with surface erratic trains 
(Tb, Tb-V). 

Between 460 m and 440 m elevation, sparsely vegetated 
and irrigated drumlins (Td) with scattered erratics have 
slopes from 3° (down-ice) to 16° (up-ice). Drumlin orienta- 
tion indicates rolling ground moraine was streamlined by 
SSW-flowing Cordilleran ice in the paleo-Thompson valley. 
Between approximately 440 m to 360 m elevation, ground 
moraine is blanketed by gently sloping (<3°) terraced 
glaciolacustrine deposits (GLt) and glaciofluvial outwash 
(GFf). The presence of kettle lakes (K) indicates stagnant 
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glacial deposits, eroded by ephemeral runoff from irrigated fields 
upslope. (c) Groundwater-fed enclosed basin in closed extensional 
basin on the main slide body. (d) Colluviated glacial deposits exposed 
across the surface of the main slide body 


valley ice was partly blanketed by till, outwash, and glacial 
lake sediments during deglaciation. 

Upper and mid-slopes are incised by post-glacial gullies 
and ungraded streams that channel ephemeral surface runoff 
from snowmelt, extreme precipitation events, and irrigation 
to the inner canyon of Thompson River (Fig. 6a, b). Surface 
runoff is taken up by vigorous vegetation growth in gullies, 
or percolates into underlying sediment as shallow circulating 
groundwater (Figs. 2a and 5a). Post-glacial fluvial incision 
has formed an inner canyon with steep (>35°) walls and 
bedrock exposures prone to rock fall (R, R-R). On moderately 
steep canyon slopes (27° to 35°), thick accumulations of 
glacial sediments in the canyon (>50 m) are gullied and 
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colluviated by soil creep (Cv, Cv-V). Inactive landslides 
(Cz) in the canyon range in extent from >0.2 km? (CN54 
Slide) to 1 km? (North Slide), and winnowed slopes range 
from 16° to 26° (Fig. 6c). A key landform on the main slide 
body is a half-graben, enclosed basin, and sag pond with a 
(summertime) surface at 305 m elevation, 300 m SE of the 
railway tracks and ballast (H) at 300 m elevation (Figs. 5a, b 
and 6d). 

West of the railway corridor, high-stage cutbank erosion 
by Thompson River (ca. 275 m elevation) contributes to 
unloading, changes in geometry, and reactivated slow- 
moving failure (Cz-F) of moderately steep foot and toe 
slopes (27° to 35°) (Fig. 7a-c). Alluvial fans (Af) formed on 
lower slopes (<15°) below gullied glacial terraces, were 
graded to falling local base levels between 300 m and 
280 m elevation. The modern alluvial plain (Ap) comprises 
stable point bars with gradients <3° confining an active 
channel with riffle-pool morphology between approximately 
275 m and 265 m elevation (Figs. 5a and 7d-f). 

2.1.2 Benchmarked UAV Orthomosaic 
Interpretation 

Metre-scale anthropogenic features (e.g., train tracks, signals 
bungalow, solar panel array) are resolvable in the orthophoto 
mosaic and DSM (Fig. 2b). Southeast and upslope of the 
CP-KC tracks, translated back-tilted slide blocks and scarps 
from the 1880 landslide are now subdued features due to 
140 years of wind deflation, soil creep, and surface runoff 
(Fig. 6b). Hillslopes >16° are underlain by colluviated till, 
glaciofluvial outwash, and glaciolacustrine sediments. The 
inactive main body and active toe slope are gullied by ephem- 
eral streams that drain to a coarse alluvial fan prograding over 
the floodplain along the SW margin of the landslide. 

Visible in the UAV orthophoto mosaic are active slide 
blocks, scarps, tension cracks, and a toe bulge in the flood- 
plain (Figs. 2b and 6e). Landslide scarps follow the arc of 
relict (1880) back-tilted slide blocks (GCPs NS-05, NS-06, 
NS-10 and NS-11), and increase in size and activity toward 
the river (GCPs NS-07, NS-08 and NS-09). Tension cracks 
are extrapolated beneath railway ballast close to the solar 
panel array and signals bungalow (between GCPs NS-04, 
NS-05 and NS-13). Slide scarps, crescentic tension cracks 
on the slide body and surface relaxation (unloading) fractures 
along railway embankments are sub-vertical, penetrate deep 
into the slide body (>2 m) and cross-cut multiple units 
(Fig. 6c-d). A perennial nutrient-rich, warm-water spring 
rising at river level close to the margin of the active slide 
(Figs. 2b and 5a) indicates permanent artesian groundwater 
conditions in the toe slope. Groundwater seepage above river 
level is also indicated by the presence of horsetails (Equise- 
tum sp.) growing across the floodplain. 
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Field Observations of Earth Material 
Textures, Porosity Variations, and Slope 
Failure in Terrain Units 


2.2 


Fieldwork was undertaken periodically between 2019 and 
2022 to describe sedimentological characteristics that could 
not be determined by remote mapping, and to verify desktop 
air photo interpretations (Figs. 6b-d and 7b-f). At fourteen 
ground control points (NS-01 to NS-14) and five boreholes 
(BGC00-01 to BGCO0-05) across the most active portion of 
the landslide (Fig. 2b), hydrogeological units were defined on 
the basis of lithofacies and landform associations, texture, 
sorting, colour, sedimentary structures, degrees of consolida- 
tion, stratigraphic contact relationships, geological age, and 
other distinguishing characteristics described in borehole 
logs and on site (Figs. 4, 5a, b, 6b-d, and 7b-f). Drainage 
classes were qualitatively determined from field assessments 
of porosity, unit thicknesses, earth material textures, penetra- 
tive planar structures, and slopes driving hydraulic gradients. 
Hydrogeological units were codified following British 
Columbia terrain mapping standards and the Geological Sur- 
vey of Canada (GSC) surficial geology data model (Howes 
and Kenk 1997; Deblonde et al. 2018). 

2.2.1 Bedrock and Undifferentiated Weathered 
Lag (Unit 1; R, R-R) 

Bedrock (R) is not exposed across the historical (1880) slide 
(Cz), or in the recent (2000-Present) reactivation along the 
toe slope (Cz-F). To the NE and SW of the landslide, thrust- 
faulted and folded, weakly consolidated, friable, fine-grained, 
interbedded shale, and sandstone (unit 1) outcrops at river 
level (Fig. 5a). Well drained sedimentary bedrock outcrops 
have low to moderate intergranular and fracture porosities, 
with weathering rinds and mineral alteration observed along 
exposed surfaces of open fractures. Unconsolidated glacial 
deposits in the inner canyon lie above an angular bedrock 
unconformity interpreted as a paleochannel segment, or part 
of a depositional basin that extended north to Ashcroft 
(Fig. 7d). 


2.2.2 Glaciolacustrine Sediments (Unit 2; GLb) 

A basal lag of cobble-gravels and coarse-grained debris flow 
diamictons, not encountered in the boreholes, drapes tectoni- 
cally deformed sedimentary bedrock (Huntley and 
Bobrowsky 2014; Huntley et al. 2019). The oldest unconsol- 
idated deposit encountered in boreholes BGC00-01 to 
BGC00-05 was a > 30 m thick package comprising 
cm-thick beds of silt, sand, gravel and diamicton with mod- 
erate intergranular porosity, intercalated with silt-clay 
mm-thick couplets (i.e., varves) containing dropstones with 
low intergranular porosities, and low to moderate fracture 
porosities (Fig. 4). Unit 2 is poorly drained, with ice-distal 
glaciolacustrine sediments deposited during the retreat of the 
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Fig. 7 Field observations of terrain and landforms of foot and toe 
slopes of the North Slide. (a) Oblique aerial photograph showing loca- 
tion of landslide zones and field photographs. CN Canadian National 
Railways; CP-KC Canadian Pacific-Kansas City Railways; TR 
Thompson River. (b) Polyphase deformation in the toe slope, with tills 
truncating glacially deforming underlying clay-silt-sand varves; both 
units were further deformed during the 1880 slide event; presently 
inactive. (c) Glacial sediments exposed in the foot scarp west of the 
CP-KC rail track. d) Active slide blocks failing toward Thompson 


D. Huntley et al. 


ABIOPL 1A. g 


OWT WASH 


[4]-dezTv 
[8] zsgGkb 
[2] scZGLb 


Y 
re) 
Q 
bt 
A 
o 
N 
2 
[e] 
£ 
a 
Zz 
q 
O 
c 
= 


River; note, downstream of landslide, the river is incised into a bedrock 
paleochannel or basin. (e) Cutbank erosion at the toe scarp exposes 
back-tilted silt-clay varves, indicating rotational displacement during the 
1880 event, and as the toe slope reactivates; gravel lag indicates river 
levels vary >6 m through the year. (f) Toe bulge expressed in the active 
floodplain-point bar; attributed to rotational displacement driven by 
fluvial incision and changing groundwater conditions; note the riffle- 
pool character of the river 
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penultimate glaciation and advance phase of the Late 
Wisconsinan (Late Pleistocene) Cordilleran Ice Sheet. 
Below the Thompson River floodplain (BGC00-03), unit 
2 sediments extend at least 30 m beneath the riverbed. At 
BGC00-01 and BGC00-04 (Figs. 2b, 4 and 5b), deformed 
glaciolacustrine sediments extend >40 m below the railway 
tracks without encountering bedrock. Borehole logs (Fig. 4) 
and surface exposures (Fig. 7b-e) reveal inclined silt and 
clay-rich beds are crosscut by multiple discrete zones of 
translational-rotational shear, fracturing, and polishing 
(slickensides) between 40 m (BGCOO-01) and 5 m 
(BCGO00-03) below ground surface. Soft-sediment deforma- 
tion structures are attributed to overriding, loading, and ero- 
sion by SSW-streaming ice in paleo-Thompson valley, the 
1880 landslide event, and recent (post-2000) translational- 
rotational reactivation along multiple shear surfaces (Figs. 4, 
5b and 7b). 

2.2.3 Glaciofluvial and Ice-Contact Sediments 
(Unit 3; GFb) 

In boreholes and surface exposures from the crown scarp to 
the slide toe, unit 2 has an erosional upper contact with an 
overlying >5—10 m package of massive and crudely stratified 
open framework, clast-supported diamictons, gravels, 
cobbles, boulders, and inter-clast silt and sand (Figs. 3 and 
5). Unit 3 is interpreted as a Late Wisconsinan ice-proximal 
or ice-contact coarse-grained glaciofluvial deposit (GFb) 
with high intergranular porosity and rapid drainage. Across 
the toe slope, moderate fracture porosity is imparted by 
surface tension cracks that penetrate >5 m into underlying 
deformed fine-grained sediments of unit 2 (Figs. 3 and 4). 
Contorted layering and dewatering structures in outwash are 
associated with soft-sediment deformation and erosion of 
saturated outwash by overriding glacier ice, ground displace- 
ment during the 1880 landslide, and recent (post-2000) 
reactivation. 


2.2.4 Ground Moraine (Unit 4; Tv, Tb, Tb-V, Td) 
Deformed and truncated glaciolacustrine and glaciofluvial 
units are overlain by up to 5 m of massive, clay-silt matrix- 
supported diamicton with erratic cobbles and boulders 
(Figs. 5a and 6b-c). Unit 4 is interpreted as a Late 
Wisconsinan Cordilleran (subglacial) ground moraine com- 
posed of basal lodgement and meltout till. Basal till has a low 
vugular porosity due to the presence of isolated weathered 
igneous and sedimentary clasts and sand-filled voids within 
the fine-grained matrix. Slide scarps, crescentic tension 
cracks on the slide body, and surface relaxation (unloading) 
fractures along railway embankments and head scarp are 
sub-vertical, penetrate deep into the slide body (>2 m 
depth), and cross-cut multiple units (Fig. 7c-e). These pene- 
trative structures impart the moderate fracture porosity and 
imperfect drainage of unit 4. 
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Glaciolacustrine and Glaciofluvial 
Sediments (Unit 5; GLt, GFt) 

Exposures in the slide crown and headscarp reveal that unit 
4 till is draped by cm-thick interbeds of clay, silt, pebble-rich 
sand, and stratified matrix-supported diamicton (Fig. 6b). 
Unit 5 is generally <10 m thick and interpreted as a Late 
Wisconsinan retreat phase ice-distal deposit that forms char- 
acteristic glaciolacustrine terraces (GLt) and glaciofluvial 
kame-deltas (GFf) graded to between 440 m and 360 m 
elevation (Fig. 5a). Penetrative tension cracks and slide 
scarps impart a moderate fracture porosity and imperfect 
drainage on diamicton and silt-rich glaciolacustrine beds. 


2.2.5 


2.2.6 Alluvial Sediments (Unit 6; Ap, at, Af) 

On the Thompson River floodplain, ca. 273 m elevation, a 
boulder veneer drapes back-tilted clay and silt beds (Fig. 2b, 
NS-12; Fig. 4, BGCO0-03; Fig. 7f). Below 275 m elevation, 
Holocene, and modern alluvial floodplain (Af) and terrace 
(At) sediments (unit 6) are rapidly drained open framework, 
clast-supported boulders, and interstitial sand with a high 
intergranular porosity. Coarse-grained alluvial sediments 
have no penetrative planar structures, although underlying 
fine-grained glacial sediments (unit 2) may contain 
sub-vertical crescentic tension cracks and sub-horizontal 
unloading fractures. Surface water is quickly removed on 
the active floodplain during heavy or prolonged rainfall, 
and boulders and sand are permanently saturated by river 
water at shallow depth (<2 m). Alluvial fans (Af), fed by 
ephemeral surface runoff and irrigation drainage (Fig. 5a), 
prograde across the slide main body and adjacent slopes 
(<16°) from the lower reaches of tributary channels and 
gullies, extending into the river at the southern boundary of 
the slide toe (Fig. 2b). Alluvial fan deposits comprise well 
drained interbedded stratified debris flow diamictons and 
open framework, clast-supported cobble-gravels (incised 
into older units), that fine upward into massive cm-thick 
sand and silt beds with moderate intergranular porosity. 


2.2.7 Colluvial Sediments (Unit 7; Cv, Cz, Cz-F) 
Holocene post-glacial colluvium (unit 7) includes discontin- 
uous veneers (<2 m) of stratified massive and clast-supported 
diamicton containing cobbles, boulders, sand, and silt (Cv, 
Cv-V) that partly drape older, gullied glacial units exposed in 
relict and active slide blocks (Cz, Cz-F) (Figs. 2b, 5a and 6d). 
Hillslope colluvium has high intergranular porosity and is 
well drained, whereas colluviated slide blocks retain the 
drainage characteristics of the underlying sediments (e.g., 
Tb, GFb, GLb). Slide blocks with penetrative sub-vertical 
crescentic tension cracks and surface relaxation (unloading) 
fractures have a high fracture porosity. Consequently, on 
colluvial slopes during heavy or prolonged rainfall, 
percolating surface water is quickly removed downslope as 
shallow groundwater flow (Figs. 6d and 7d). 
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2.2.8 Anthropogenic Deposits (Unit 8; Hb) 
Bedrock, glacial, and alluvial sediments (units 1—6) along the 
railway right-of-way are unconformably overlain by a rapidly 
drained linear deposit (<5 m thick, ~20 m wide) of open 
framework, clast-supported cobble-boulder ballast with high 
intergranular porosity (H, unit 8). Penetrative planar 
structures are not observed in coarse-grained ballast, 
although underlying fine-grained glacial sediments (unit 
2, 3 and 4) may contain sub-vertical crescentic tension cracks 
contributing to vertical displacement of ballast (Fig. 2b). 


3 Discussion: Fundamental Geoscience 
Applied to Geospatial Monitoring 
Results 


Slow-moving translational-rotational landslides are perennial 
natural hazards for the national railway corridor in Thompson 
River valley between Ashcroft and Spences Bridge, south- 
central British Columbia (Fig. 1). Ancient (prehistoric, 
>1000 years before present, yBP), historical (1880), and 
recent (post-2000) landslide events involved rapid displace- 
ment of large areas of the lower valley slope and inner canyon 
(cumulatively, 1 km’). As a representative landslide in the 
valley, the North Slide is an ideal field laboratory for testing 
and evaluating novel slope monitoring and evaluation 
techniques (cf. Huntley et al. 2017; Holmes et al. 2018, 
2020; Sattler et al. 2020). 

In this section, we examine how earth material stratigra- 
phy, textures, and penetrative planar structures are important 
controls on sub-surface drainage, hydrology, and landslide 
activity. Discussing how these factors influence the style, 
timing, and rate of slope displacement recorded at the North 
Slide contributes to landslide disaster risk reduction along a 
critical section of the primary national railway corridor 
(Fig. 1). A simple landscape evolution model spanning the 
interval from the last glacial maximum (ca. 24,000 to 18,000 
yBP) to present day provides the framework for this discus- 
sion (Fig. 8a-f). 


3.1 Hydrogeological Controls on Ancient 


Landslide Activity 


Thick (>150 m) accumulations of unconsolidated Pleisto- 
cene glacial deposits and Holocene alluvial fill deposited in 
a channelized bedrock basin have pre-conditioned the 
Thompson River valley for colluviation and landslide activity 
(Fig. 6a). At the close of the penultimate glaciation, and 
during advance phase of the Late Wisconsinan glaciation, 
considerable volumes of fine-grained sediment (unit 2, rhyth- 
mic varves of sand, silt, and clay) and coarse debris (unit 
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3, interbeds of stratified diamicton and massive gravel) were 
deposited in the paleo-Thompson valley. During the last 
glacial maximum (ca. 24,000 to 18,000 yBP), these 
sediments were overridden, deeply eroded, truncated, inten- 
sively deformed, sheared, then unconformably overlain by 
drumlinized silt-rich basal tills (unit 4) deposited by the 
SSW-flowing Cordilleran Ice Sheet (Fig. 8a). As ice retreated 
(ca. 16,000 to 12,000 yBP), deposits of till formed an exten- 
sive ground moraine over middle and lower slopes that was 
rapidly inundated by shallow retreat-phase proglacial lake 
system confined to the valley below 460 m elevation (Fulton 
1969; Johnsen and Brennand 2004; Fig. 8b). With first-time 
exposure, poorly consolidated glacial sediments on over- 
steepened unvegetated slopes were rapidly remobilized 
(cf. Church and Ryder 1972). Silt-rich outflow and debris 
flow diamictons from glacial margins contributed to deposi- 
tion from suspension of fine-grained sediments over moraine 
deposits, while cobble-rich ice-contact kame-deltas draining 
emergent proglacial channels and forefields prograded into 
this lake. Flights of terraces, beach strandlines, and boulder- 
rich fan deposits (between 460 m and 360 m elevation) 
indicate falling lake levels, outburst floods, and channel 
incision continued with ice retreat from the valley, 
glacioisostatic rebound, and downstream drainage capture 
by Fraser River during paraglaciation (ca. 12,000 to 10,000 
yBP; Fig. 8c). 

During the early to middle Holocene (ca. 10,000 to 5000 
yBP; Fig. 8d), semi-arid post-glacial conditions fluctuated 
between warmer and cooler than present. Slopes stabilized 
with the establishment of vegetation cover, and terraces were 
rapidly incised by down-cutting tributaries and Thompson 
River. For much of the Holocene, infiltration of snowmelt, 
precipitation, and surface runoff into porous silt, sand, gravel, 
and diamicton was limited on sparsely vegetated alluvial fans 
(unit 6) and colluvial slopes (unit 7). Generally, winters and 
springs were dry, and summer heat favoured evapotranspira- 
tion of precipitation (Nicholson et al. 1991). 

The ancient North Slide failure (Figs. 2a, II and 8d) likely 
occurred as the Black Canyon was being incised during a wet 
interval between 6000 and 4000 yBP not much moister than 
today (Hebda 1982; Mathewes and King 1989; Hebda 1995). 
Rapid fluvial and colluvial denudation of glacial valley fill 
altered slope geometry and groundwater conditions, with 
slope failure triggered by elevated groundwater pressure 
along glacially pre-sheared discontinuities in unit 2 (Porter 
et al. 2002; Eshraghian et al. 2008; Bishop et al. 2008). 


3.2 Hydrogeological Controls on Historical 


Landslide Activity 


Glacial deformation and prehistoric slope movement created 
pre-sheared discontinuities in units 2, 3 and 4 at a residual 
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Fig. 8 Paleogeographic reconstruction of the North Slide: (a) last 
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cial lakes, kame deltas, remobilized glacial sediments (ca. 12,000 yBP); 
(c) paraglaciation—rapid lake drainage, remobilized glacial sediments, 


strength that predisposed these sediments to further failure 
(Porter et al. 2002; Eshraghian et al. 2008; Bishop et al. 
2008). It is likely that unconsolidated valley fill was under- 
saturated through much of the Holocene and remained mar- 
ginally stable until the 1860s when irrigation, necessary for 
agriculture on glaciofluvial terraces and alluvial fans above 
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alluvial fan formation, valley incision (ca. 10,000 yBP), (d) 
prehistoric—valley incision, large landslide (>1000 yBP, ID); (e) land 
use changes—valley incision, irrigation, railway construction (1840s— 
1880s, I); (f) modern ground conditions—valley incision, irrigation, 
rail traffic (1900s—2000s, I-IV) 


the river, began (Stanton 1898; Clague and Evans 2003). 
Pleistocene and Holocene sediments further destabilized 
after inner canyon toe slopes were excavated in the 1880s 
to accommodate the national railway corridor (Clague and 
Evans 2003; Bunce and Chadwick 2012). Artesian 
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groundwater in unit 2 further contributed to instability (Porter 
et al. 2002; Eshraghian et al. 2008). 

Historical failure of Pleistocene and early Holocene units 
(Figs. 2a, III, 3a, b and 8e) involved three mechanisms: 1) 
rapid flow-sliding and slumping, where slide blocks 
disaggregated and liquefied while moving down slope on 
translational shear surfaces (>2 cm yw ~"); 2) very slow 
(2 cm yr. ' to 10 cm yr. ') rotational sliding of large, intact 
blocks of units 2—4 on shear surfaces leading to back-tilted 
bedding and thrust-faulting of glaciolacustrine unit 2 over 
glaciofluvial unit 3 in the landslide toe; and 3) very slow 
(2 cm yr. | to 10 cm yr. ') translational sliding of blocks 
with little rotation contributing to horst and graben topogra- 
phy on the slide main body. Similar to the ancient landslide, 
slope failure was triggered by elevated groundwater pressure 
along pre-sheared discontinuities in unit 2. 


3.3 Hydrogeological Controls on Recent 
Landslide Activity 
Intensively irrigated  glaciolacustrine terraces and 


drumlinized ground moraines upslope of the North Slide are 
currently stable landforms (Figs. 2a, I and 5a). Seasonal 
ploughing and crop cultivation disturb the upper metre of 
surficial Pleistocene and Holocene deposits. Deglacial lake 
and kame-delta deposits with moderate to high intergranular 
porosity (unit 5), post-glacial alluvial fan diamicton, silt and 
sand deposits (unit 6), and colluvium (unit 7) are rapidly to 
well drained. Snowmelt, heavy or prolonged rainfall, and 
irrigation water readily percolates into underlying glacial 
sediments (units 2, 3 and 4), or is drained ephemerally by 
shallow channels incised into the terraces and deep gullies 
along the crown scarp across the inactive, historical slide 
main body (Figs. 2a, HI, 5a, 6a-d and 7a-f). 

On the slide main body (IID) upslope of the active toe slope 
(IV), glacial units 2, 3 and 4 are exposed at surface in back- 
tilted horst blocks, while graben blocks are generally infilled 
with coarse colluvium derived from remobilized glacial 
materials. During heavy or prolonged rainfall and snowmelt, 
well-drained hillslope colluvium (unit 7) and imperfectly 
drained till diamicton (unit 4) with tension cracks allow 
downward infiltration of surface water into underlying 
units. Exposed glaciofluvial gravels and diamictons (unit 3) 
with high intergranular porosity rapidly absorb surface runoff 
and percolating shallow groundwater from overlying unit 
4 (Fig. 7d). In contrast, fractured glaciolacustrine varve 
exposures (unit 2) are poorly drained, so water is slowly 
removed, saturating surface layers during sustained precipi- 
tation and snowmelt, and when inundated by storm runoff 
from gullied scarp slopes or seasonal irrigation runoff 
(Fig. 6c). 
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Unique hydrogeological features on the North Slide are 
sag ponds in the centre graben of the main body (IID, lying 
300 m SW of the CP-KC tracks and zone of greatest displace- 
ment (I). These perennial bodies of nutrient-rich water are fed 
by groundwater seepage and ephemeral surface runoff from 
bounding slide scarps (Figs. 4a and 5). Minimum water levels 
(around 302 m elevation) are observed during winter months, 
although needle ice forming in colluvial fill indicates rising 
groundwater. From summer to fall, the enclosed basin 
maintains a consistent level around 305 m elevation, 
suggesting the ponds remain groundwater-fed. 

Although the North Slide failed rapidly in the past, cur- 
rently only the toe slope remains as a reactivated very slow- 
moving (2 cm yr. | to 30 cm yr. ') translational slide (IV, 
Figs. 2b, 3a, b, 5b, and 6f). Recent activity, recorded since 
2000, has been focused in a 0.1 km? portion of the toe slope 
undercut by Thompson River (Figs. 2b and 3a, b). East of the 
railway tracks, the zone of potential displacement currently 
does not extend upslope into the inactive (1880) main slide 
body. West of the tracks, slide scarps extend across the toe 
slope, corresponding to narrow zones of high displacement, 
the presence of perennial springs and seepage, and cutbank 
erosion along the modern river channel (Figs. 2b and 3a, b). 
Ground displacement occurs while river levels are at their 
lowest from February to March, or before peak flows in June, 
and after July until December as storm-fed river levels pro- 
gressively fall to the next winter minimum. Groundwater 
levels remain elevated in the slide body through the year, 
with shallow contributions from the river, surface runoff on 
the slide main body, perennial sag ponds, upslope irrigation, 
and deep flow rising from fracture-faulted bedrock uplands 
flanking the valley. 

The active toe slope is composed of a > 40 m package of 
unconsolidated sediments, with a veneer of post-glacial units 
6-7 overlying glacial units 2—4 that unconformably rest on 
well-drained shale and sandstone (unit 1). Penetrative fault 
zones, shallow fractures, and folded bedding planes in bed- 
rock allow downward flow of water at exposed surfaces and 
upwelling of groundwater at river level. Traversing the land- 
slide toe, railway ballast with high intergranular porosity 
(unit 8) is rapidly drained, and percolating surface water is 
quickly removed downslope or into the subsurface during 
heavy or prolonged precipitation. At surface west of the 
tracks, exposed till diamicton (unit 4) with low vugular 
porosity and moderate fracture porosity is imperfectly 
drained, with tension cracks allowing downward infiltration 
of surface water during heavy or prolonged rainfall and 
snowmelt. Underlying interbedded glaciofluvial gravels and 
diamictons (unit 3) have a high intergranular porosity that 
rapidly absorb surface runoff and percolating shallow 
groundwater from unit 4, or where exposed across the land- 
slide surface (Fig. 5). Deformed and fractured 
glaciolacustrine sand, silt, and clay varves (unit 2) underlying 


Surficial Geology and Geomorphology of the North Slide, Thompson River Valley. . . 


unit 3 are poorly drained with low to moderate intergranular 
and fracture porosities. Seasonal movement occurs along 
sub-horizontal translational rupture surfaces corresponding 
to weak, glacially fractured, and sheared zones ca. 260 m 
and 270 m elevation (Fig. 3) with high groundwater pressures 
in glaciolacustrine clay and silt (Porter et al. 2002; 
Eshraghian et al. 2007, 2008). 

On the modern floodplain (Figs. 5a, and 7f), unit 2 is 
mantled by rapidly drained boulder-rich alluvial floodplain 
deposits (unit 6) with high intergranular porosity, and well 
drained coarse-grained hillslope colluvium (unit 7) with 
moderate intergranular and fracture porosities. At and 
below river level (ca. 270 m elevation), silt and sand beds 
in unit 2 and remain saturated for much of the year. Strong 
river currents have incised two 5 m-deep scour pools into unit 
2 and bedrock along the slide toe. Channel scour likely 
exposes porous bedding planes and slide surfaces below 
river level, allowing hydraulic connection between the river 
and landslide mass (cf. Huntley et al. 2020). Scour holes and 
cutbank erosion are evidence that the river continues to incise 
the channel floor. Upstream and downstream riffles corre- 
spond to sections of the channel where bedrock is closer to 
surface. Slower movement rates occur during spring run-off 
when high water levels provide temporary loading support at 
the landslide toe. Higher ground movement rates occur dur- 
ing autumn and winter when river discharge levels fall, 
reducing loads on the slide toe, while groundwater pressures 
in fractured and sheared zones of unit 2 remain elevated 
(Porter et al. 2002; Eshraghian et al. 2007). 

In addition to slow-moving landslide activity, extremely 
rapid rock falls (>5 m s7») and rapid (>3 m min™’) debris 
falls (cf. Cruden and Varnes 1996) are initiated on steep 
bedrock canyon walls upstream and downstream of the 
North Slide. Water depths in the Black Canyon exceed 
50 m (Huntley et al. 2022a), suggesting that rock fall debris 
is unlikely to block drainage of Thompson River. 


3.4 Projecting Future Landslide Activity 


and Consequences 


Future changes in regional climate, extreme weather, land- 
scape conditions, and land use are expected to influence the 
rate and distribution of slope deformation at North Slide, and 
by extension other landslides in the Thompson River valley, 
with consequent detrimental impacts to infrastructure along 
the railway corridor, the national economy, natural environ- 
ment, and public safety. Although the average rainfall in the 
area has increased since the 1920s, there is no direct correla- 
tion with landslide activity (Porter et al. 2002; Eshraghian 
et al. 2007; Tappenden 2016). However, increased duration 
and magnitude of precipitation, in combination with 
increased irrigation of terrace benches, loss of vegetation 
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cover through cattle grazing, or wildfires, and fluctuating 
river discharge might trigger landslide activity through 
sustained periods of groundwater recharge, increased 
groundwater pressures in bedrock and surficial units, higher 
seasonal river discharges, and greater channel erosion. 
Higher rates of landslide movement along deep-seated shear 
planes are anticipated if unit 2 is further exposed during 
channel incision. Toe slope incision occurs adjacent to 
where the highest ground motion rates are recorded on the 
landslide, and where critical railway infrastructures (e.g., 
tracks, ballast, culverts) are at risk (Huntley et al. 2021; 
Rotheram-Clarke et al. 2022). 

Persisting landslide activity has the potential to cause 
damage to critical transportation infrastructure and disruption 
of service. Periodic reactivation and slow displacement rates 
result in travel orders for reduced speed that create 
bottlenecks for directional rail traffic that passes through the 
corridor. As one of the most active landslides in the valley, 
frequent, costly maintenance involving addition of ballast, 
track lifting, and ballast tamping will be required until slope 
mitigation or adaptation measures are designed and 
implemented for the North Slide. Seasonal addition of ballast, 
combined with more frequent, longer, and heavier trains 
crossing the toe slope may contribute to additional subaerial 
loading and enhanced displacement at, and below the rail 
grade. 


3.5 Geologically Informed Monitoring 


for Landslide Disaster Risk Reduction 


Geotechnical mitigation and adaptation solutions for 
landslides can carry significant economic costs and environ- 
mental consequences, especially if measures fail to stabilize 
the slopes of concern (Bunce and Chadwick 2012). Knowl- 
edge of hydrogeological conditions and displacement 
characteristics will help the railway industry, governments, 
and local communities develop robust mitigation, adaptation, 
and risk reduction measures to accommodate the impacts of 
changes in landscape conditions related to extreme weather 
and land use in the Thompson River valley. 

Terrain and derivative maps (e.g., landslide susceptibility) 
that delimit unstable and potentially unstable terrain will be 
invaluable tools for landslide monitoring and risk manage- 
ment. These GIS products can be applied to calculate spatial 
relationships between landslide distribution, specific terrain 
features, and environmental conditions expected to correlate 
with landslide incidence. Although non-systematic datasets 
have unequal reliability, accuracy, and precision; they never- 
theless provide useful insight into landslide distribution at 
various scales and help focus attention on areas of interest 
where rigorous qualitative analyses are warranted. 
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Table 1 Methods of investigation for landslide disaster risk reduction (after Huntley et al. 2022a) 


Method of Reconnaissance mapping and 

enquiry fundamental geoscience 

On site Site specific: Slope and drainage; 

investigations bedrock and structures; geology and 
landforms; borehole logs and 
stratigraphy; geophysical investigations 
(electrical resistivity [ERT], seismic P 
and S waves) 

Laboratory Site specific: Stratigraphic units; 

testing sedimentology, and structures; 
geophysical properties; geochemical 
properties; geotechnical properties 

Remote Terrain mapping: Optical satellite 

sensing imagery; SAR satellite imagery; air 


photo interpretation; UAV 
photogrammetry 


Geospatial change detection surveys 
Site specific: RTK-GNSS monuments, 
networks, and epochal surveys (daily, 
monthly, annually) 


Seasonal sampling: Stratigraphic units; 
sedimentology and structures; 
geophysical properties; geochemical 
properties; geotechnical properties 
(daily, monthly, annually) 

Change detection: Satellite nSAR 
interferograms; corner reflectors; UAV 
time-series photograms (weekly, 
monthly, annually) 
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In-situ time-series monitoring 
Borehole logging: Groundwater level 
(piezometry); shear displacement 
(inclinometry); shear displacement 
(acoustic waves) 

River level: UAV time-series 
photograms; RTK-GNSS surveys; 
piezometer-river stage rating curves 
Bioclimatic variables: Barometric 
pressure, air temperature; precipitation; 
snow; relative humidity; wind; ERT and 
soil moisture 

Modelling: Stratigraphic units; 
sedimentology and structures; 
geophysical properties; geochemical 
properties; geotechnical properties 
(daily, monthly, annually) 

Railway infrastructure: Satellite 
InSAR interferograms; UAV time- 
series photograms; fibre optic strain 
interferometry (weekly, monthly, 


Further onsite investigations of slope and drainage 
characteristics, bedrock and structures, surficial geology and 
geomorphology, and vegetation and land cover will provide a 
reliable hydrogeological context for interpreting sedimentary 
logs of new boreholes, and results from shallow geophysical 
surveys, petrological and geochemical analyses, and geotech- 
nical studies (Table 1). Monitoring weather variables (e.g., 
precipitation, air temperature, snow, wind, relative humidity), 
soil moisture and temperature, river stage measurements, and 
groundwater pressures in new boreholes will provide quanti- 
tative insight into the contributions of precipitation, irrigation 
runoff from terrace benches, vegetation cover, wildfires, and 
fluctuating river and groundwater discharge to landslide 
activity across the toe slope. Additional geospatial and bathy- 
metric monitoring is necessary to establish whether failure 
and erosion of these blocks contribute to toe slope unloading, 
and whether rapid movement on rupture surfaces occurs 
when groundwater levels are elevated relative to lower river 
elevations. 


4 Summary and Conclusion 


The overarching goal of our work is the reduction and miti- 
gation of landslide disaster risks to public safety, the envi- 
ronment, transportation infrastructure, and the national 
economy. Investigation of the North Slide (IPL Project 202) 
provides important insight into processes and behaviour of 
large slow-moving landslides along Canada’s primary 
national railway corridor between Ashcroft and Spences 
Bridge in south-central British Columbia, Canada (Fig. 1), 


annually) 


but is applicable other parts of the world with similar 
biogeoclimatic conditions. 

Here we have applied conventional terrain mapping and 
borehole logging to address significant knowledge gaps in 
the nature and distribution of surficial earth materials, their 
stratigraphic relationships, and the internal structure of the 
landslide (Figs. 4 and 5b). This new insight helps us under- 
stand past change-detection results with an array of instru- 
mentation. Displacement monitoring with borehole 
inclinometers and piezometers between 2000 and 2002, and 
epochal surface RTK-GNSS measurements of GCPs, UAV 
photogrammetry, air photo interpretation, and satellite 
InSAR time-series since 2016 reveal that active displacement 
(2 cm yr. ' to 30 cm yr. ') is confined to the toe slope and 
related to tension cracks undercutting the CP-KC rail right- 
of-way (Figs. 2b and 3a, b). 

Stratigraphy exerts a first order control on the distribution, 
geometry, and rate of landslide displacement along the inner 
gorge (Figs. 4 and 5b). Similar to other slow-moving 
landslides in the semi-arid Thompson River valley, alluvial 
and colluvial denudation of glacial valley fill alters slope 
geometry and groundwater conditions, with failure triggered 
by elevated groundwater pressure along pre-sheared 
discontinuities in clay-silt beds that extend below river 
level. Groundwater conditions are _ stratigraphically 
constrained. With evapotranspiration on sparsely vegetated 
slopes dominating, infiltration of precipitation, snowmelt, 
and surface runoff into glacial, post-glacial, and anthropo- 
genic deposits (units 2—8) is very limited across the North 
Slide and adjacent stable terrain. Moderately porous till with 
deep penetrating tension cracks (unit 4) is underlain by highly 
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porous glaciofluvial gravel (unit 3), which in turn overlies 
non-porous, fractured, and sheared glaciolacustrine silt and 
clay (unit 2). At the landslide toe, artesian conditions in unit 
2 are maintained by hydraulic connection between sag ponds 
confined to a mid-slope graben, scour pools in the river 
channel along the slide toe, and underlying faulted and folded 
bedrock. The pool-and-riffle channel morphology is signifi- 
cant because hydraulic conductivity between the river, land- 
slide and groundwater systems likely increases where 
fractured bedrock and glaciolacustrine units (containing 
impermeable silt-clay couplets, coarse porous beds, lateral 
failure planes and vertical tension cracks) are continually 
exposed by fluvial erosion (cf. Huntley et al. 2019; Huntley 
et al. 2020). 

In closing, our study demonstrates that when informed by 
knowledge of hydrogeological conditions and displacement 
characteristics, spatial and temporal change-detection moni- 
toring of active landslides and at-risk infrastructure is an 
effective geohazard management practice that provides criti- 
cal information to help the railway industry, governments, 
and local communities develop appropriate early warning, 
mitigation, adaptation, and risk reduction measures. 
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High Resolution Numerical Weather Simulation 
for Orographic Precipitation as an Accurate Early 
Warning Tool for Landslide Vulnerable Terrains 


H. A. A. I. S. Bandara and Ryo Onishi 


Abstract 


Accurate early warning for rain-induced landslides is 
still challenging due to regional and local variations of 
rainfall prediction due to low accuracy, and resolution. 
The “Multi-Scale Simulator for the Geoenvironment 
(MSSG)” system, developed by the Tokyo Institute of 
Technology, Japan Agency for Marine-Earth Science 
and Technology and Waseda University allows for high- 
resolution simulations and seamless modeling of weather 
and climate interactions, and employs advanced meteoro- 
logical aspects. 

MSSG simulations compared with rainfall data 
recorded in the Aranayaka automated rain gauge for past 
events, including the devastating landslide in 2016. The 
simulations achieved satisfactory results in reproducing 
rainfall events. Higher-resolution simulations exhibited 
higher maximum rainfall intensity and cumulative rainfall 
accumulation. This study emphasizes the importance of 
considering finer scales in meteorological simulations to 
effectively capture the intricate variations associated with 
extreme rainfall events. This study places significant 
emphasis on the importance of considering finer scales 
in meteorological simulations in order to confirm the 
necessity of high resolutions to capture the temporal and 
spatial variations of orographic rainfall. 
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1 Introduction 


In tropical regions, rainfall is one of the main triggering 
factors of landslides: Monitoring, early warning, and mitiga- 
tion; all these three strategies are equally crucial for landslide 
disaster risk reduction. The current study is a case study from 
Aranyaka, Sri Lanka, where a devastating landslide occurred 
in the first monsoon of 2016, May 17th, causing severe 
human and economic loss. Even though the vulnerable area 
was already identified as a landslide high hazardous zone, 
adequate local early warning and evacuation advisories could 
not be performed timely. Sri Lanka receives high-intensity 
rainfall as a tropical island during two major monsoons 
each year: the first monsoon (South and Southwestern region) 
in May to September and the second monsoon (North and 
Northeastern region) in December to February. During these 
seasons, catastrophic landslides have occurred periodically, 
and records show an increasing tendency of events and 
losses. 

Accurate rainfall prediction is necessary for reliable land- 
slide early warning; therefore, high-resolution numerical 
weather simulations are important (Kamiya et al. 2019; 
Onishi et al. 2019). Numerical weather simulation permits 
mathematical modeling in global, regional, or local scale 
weather predictions for long-term and short-term forecasts 
based on current weather. Numerical weather simulation 
systems which are currently used for rainfall prediction in 
Sri Lanka, such as ECMWF (European Centre for Medium- 
Range Weather Forecasts) providing 11 km resolution rain- 
fall data and WRF (Weather Research and Forecasting 
Model) running with 9 km- and 3 km-resolution simulations, 
are still not strong enough in providing finer resolution rain- 
fall predictions in landslide early warning perspective. No 
local weather simulation model is currently operating for 
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Fig. 1 Scales of atmospheric 
simulations. The nesting domain 
system is used in MSSG 
multiscale simulations. (a) Global 
simulations use Yin-Yang grid 
system, (b) regional simulations 
use the conventional longitude- 
latitude orthogonal grid system, 
(c) local (urban) simulations allow 
building and residential 
topography resolved 


Global Scale: 
Horizontal scale: 
1~10km 


rainfall forecasting in Sri Lanka. There need to be more local 
resources to ensure the safety of vulnerable communities on 
landslides. 

Multi-Scale Simulator for the Geoenvironment (MSSG) 
(Takahashi et al. 2006, 2013), developed by the Tokyo Insti- 
tute of Technology, Japan Agency for Marine-Earth Science 
and Technology and Waseda University, is a coupled 
non-hydrostatic atmosphere-ocean-land global circulation 
model that permits seamless simulations between weather 
and climate, serving high-resolution simulations. This 
MSSG can provide local rainfall predictions that can meet 
the need for the landslide early warning system in Sri Lanka. 
MSSG can be run as a multiscale numerical weather simula- 
tion model (Fig. 1). It allows to run global simulations with O 
(1-10 km) horizontal resolutions and regional simulations 
with O(100 m)—O(1 km) horizontal resolutions. MSSG is 
also developed to run local scale (urban scale) simulations 
with O(1 m) horizontal resolution resolving buildings and 
considering anthropogenic heat releases. In terms of the 
simulation scales, the high efficiency and reliability of 
MSSG have been confirmed in all scales using powerful 
supercomputers (Onishi et al. 2022). In global scale 
simulations, MSSG uses the Yin-Yang grid system 
(Kageyama and Sato 2004; Baba et al. 2010), which allows 
for overcoming the effect of polar singularity and lead to high 
computational efficiency. In the regional scale simulations, 
MSSG uses a conventional latitude-longitude system to allow 
using robust high-order differential schemes. 

High-resolution simulations are reliable, but at the same 
time, they require high computational costs. In case we 


H. A. A. I. S. Bandara and R. Onishi 


1way/2way 


Resting schemes 


1way/2way 


k nesting schemes 


Regional Scale: 
Horizontal scale: 
100m~1km 


Local Scale: 
Horizontal scale: 1m~100m 


develop an operational rainfall prediction system, the balance 
between reliability and computational cost. For example, an 
operational prediction system would be useless if it took 24 h 
for 24-h prediction. We usually need to compromise on 
reliability if we use an ordinary computer with limited per- 
formance unlike supercomputers. However, the current 
machine learning technology would relax the compromise 
in reliability. The deep-learning-based super-resolution tech- 
nology would help increase the resolution, leading to better 
reliability at a low computational cost. 

We assess the reliability of MSSG_ high-resolution 
simulations in comparison with the local observation data in 
Sri Lanka. We also discuss the potential of using machine- 
learning-based super-resolution in operational real-time rain- 
fall predictions for landslide early warning systems. 


2 Study Area 

Figure 2 shows the map of Sri Lanka, centering the focus area 
of the present study, Aranayaka; more specifically, 
Samasarakanda in the Aranayaka Divisional Secretariate in 
the Kegalle District of Sri Lanka, where the devastating 
landslide occurred in 2016. The area is in the country’s 
central highlands and experiences high yearly rainfall during 
the southwestern monsoon yearly. An automated rain gauge 
recorded 426 mm cumulative for 58 h continued rainfall 
starting from 15th May 2016, which triggered the rapid 
landslide, which traveled downslope about 2 km air distance 
causing about 150 human losses. 


High Resolution Numerical Weather Simulation for Orographic Precipitation as an... 


Fig. 2 The Google Earth picture 
of Sri Lanka, centering the study 
point, Aranayaka. The simulation 
domains utilized in this study are 
overlaid 
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3 Methodology 


Three computational domains (parent, child and grandchild 
domains) were selected. The Center of the domains was set at 
Aranayaka, latitude 7.1541°N, and Longitude 80.4296°E for 
all the three domains. The parent domain size was selected to 
cover most of Sri Lanka. The landslide occurred on the slope 
of a mountain with the half-width of about 2 km. The hori- 
zontal resolution of the grandchild domain was set to 500 m 
considering the reasonable horizontal spacing on the scale of 


Table 1 Settings of the computational domains 


512 x 512 km? 


Parent domain 
Child domain 128 x 128 km? 
Grandchild domain 32 x 32 km? 


landslides and limitations due to the performance using a 
personal computer. Table 1 summarizes the horizontal 
settings, i.e., longitudinal and latitudinal settings. For the 
vertical coordinate, 32 grids with irregular intervals were 
set for all three nesting domains for the height of 30 km. 
These domain and grid sizes were determined considering the 
perspective and computer performance. 

Numerical weather models compute the advection, i.e., 
transport of various tracers, including water substances such 
as water vapor, cloud water, rain, snow, cloud ice, and 
graupel (Miltenberger et al. 2015). For accurate computation 


64 x 64 
64 x 64 2 km 
64 x 64 500 m 
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in advection, the fifth Wicker-Skamarock (W-S) scheme was 
employed (Wicker and Skamarock 2002). 

The six-category bulk cloud microphysics (MSSG-Bulk) 
(Onishi and Takahashi 2012) was employed to explicitly 
calculate the cloud dynamics. 


4 Results and Discussion 
4.1 Five-Day Rainfall Simulation 

for the Aranayaka Landslide on May 
2016 


MSSG with the 8 km—2 km-500 m nesting grid system was 
performed for the rainfall from OOUTC on May 14 to OOUTC 
on May 19, 2016. Figure 3 shows the rainfall results from the 
MSSG simulation compared with the observed rainfall 
recorded in the automated rain gauge of the National Build- 
ing Research Organization, Sri Lanka, located at Aranayaka. 
Table 2 summarizes the values of cumulative rainfall and 
maximum rainfall obtained from observation, GSMAP (the 
Global Satellite Mapping of Precipitation), and MSSG. As in 
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the table, cumulative rainfall of 335.7 mm over 5 days was 
predicted through the simulation, while the observatory 
recorded 446.3 mm accumulation for the considered period. 
The maximum hourly average rainfall resulted as 22.7 mm/ 
h through simulation, while the observatory recorded 
26.8 mm/h. From the GSMAP data for the above period, 
cumulative rainfall of 192.0 mm and maximum hourly rain- 
fall of 12.7 mm/h were recorded. When considering this 
5-day rainfall event as a whole, the bell-shaped intensity 
distribution of the long-lasting continuous rainfall is compat- 
ible up to a reasonable extent between the observatory record 
and the MSSG simulation. Compared with the GSMAP, 
which provides global hourly rainfall at 0.1 x 0.1-degree 
resolution, which roughly corresponds to 10 km x 10 km 
horizontal resolution, based on satellite data, the MSSG 
simulation with 8 km—2 km-500 m resolutions provided 
closer values to the observatory record. This result confirms 
that high-resolution simulations are needed for better local 
rainfall predictions in mountainous areas. 

The MSSG simulations conducted for the Aranayaka 
landslide event, utilizing the 8 km—2 km-500 m resolution, 
successfully reconstructed a rainfall event that aligned well 


——MSSG simulation 


——GSMAP 
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DATE AND TIME IN UTC 


Fig. 3 Rainfall comparison of MSSG 8 km_2 km_500 m simulation, observatory and Rainfall forecast by GSMAP, for the Aranayaka Landslide 


event for period of 5 days 


Table 2 Rainfall accumulation and maximum rainfall rate at Aranayaka from 2016/5/14 OOUTC to 2016/5/19 OOUTC 


Rainfall accumulation [mm] 


Observation 446.3 
GSMAP 192.0 
MSSG 335.7 


Maximum rainfall [mm/h] 
26.8 
12.7 
22 
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with the observations from the observatory. Although there 
were variations in the timing and intensity of the rainfall 
peaks, the overall integration of the event yielded good 
results. It is worth noting that while comparing point data 
may have certain limitations, the analysis of the horizontal 
distribution of rainfall generated by the MSSG simulation 
indicates highly accurate and reliable predictions. This result 
suggests that even with the potential drawbacks of point data 
comparison, the simulation’s ability to depict the spatial 
distribution of rainfall is remarkably precise and dependable. 


4.2 Rainfall Simulations for Past Heavy Rain 


Events on Aranayaka 


Secondly, MSSG simulations were conducted to investigate 
six previous rainfall events with the high recorded rainfall 
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accumulation in the Aranayaka rain gauge. Here we 
performed two sets of MSSG simulations to investigate the 
impact of increased resolution: One is with 8 km—2 km- 
500 m nesting grid system and the other with 8 km—2 km 
nesting grid system. 

The results are summarized in Table 3. The findings 
revealed that the 8 km—2 km-500 m resolution simulation 
mainly exhibited higher maximum rainfall intensity and more 
significant overall rainfall accumulation than the 8 km—2 km 
resolution. In rare instances, the inverse trend is observed, 
though. 

Figure 4 shows the rainfall comparison for event 
3 (in Table 3), which resulted in very close values of maxi- 
mum hourly precipitation and cumulative rainfall during the 
event. The values of (a) observatory data, (b) MSSG simula- 
tion with 8 km—2 km-500 m, (c) MSSG simulation with 
8 km—2 km, and (d) GSMAP for maximum hourly average 


Table 3 Summary of the simulations performed for high rainfall-accumulation events in the record of Aranayaka automated rain gauge 


Rainfall accumulation (mm) Maximum Rainfall (mm/h) 
MSSG MSSG MSSG MSSG 
Event Date Observed (500 m) (2 km) Observed (500 m) (2 km) 
1 2016/05/15 00:00 UTC-2016/05/18 00:00 UTC 417.75 691.4 314.1 26.75 50.0 2 
2 2018/05/19 18:00 UTC-2018/05/21 18:00 UTC 195.75 0.6 0.8 41.75 0.2 0.3 
3 2022/07/31 18:00 UTC-2022/08/01 18:00 UTC 114.50 123.1 41.1 16.00 13.2 4.4 
4 2021/05/13 06:00 UTC-2021/05/14 06:00 UTC 111.50 550.4 126.4 19.50 45.1 12.1 
5 2022/09/04 12:00 UTC-2022/09/06 12:00 UTC 165.75 1233 14.3 61.25 8.2 3.7 
6 2014/12/25 00:00 UTC-2014/12/26 00:00 UTC 157.00 73.1 Wile 34.50 9.1 10.3 
25 
—(a) —(b) (c) =od) 


RAINFALL INTENSITY 


DATE AND TIME IN UTC 


Fig. 4 Rainfall comparison of (a) the observatory, (b) MSSG 8 km-2 km-500 m simulation, (c) MSSG 8 km-2 km simulation and (d) rainfall data 
by GSMAP for Event 3, from 18UTC on 31 July to 18UTC on 1 August, 2022 
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(b) 


(a) 


Fig. 5 Regional distribution of rainfall at the time of maximum rainfall 
through simulation showing the effect of increasing resolution in differ- 
ent domains, (a) OC_parent domain which the grid size is 8 km x 8 km, 


precipitation are, respectively, 16, 13.2, 4.4 and 7.48 mm/h, 
and for cumulative precipitation, they are, respectively, 
114.5, 123.1, 41.1 and 25.81 mm/h. In terms of the timing 
of major rainfall, MSSG prediction shows the peak at a later 
time. This time shift can be partly explained by the initial 
condition of the MSSG simulation. The initial data, created 
from GSM data by the Japan Meteorological Agency, did not 
contain cloud substances. This prevents the simulation from 
producing rainfall in the early time. This initial problem can 
be solved if we restart the simulation from the previous 
simulation results. This time, we did not use this solution 
since we focused on the influence of the simulation 
resolutions. 

The results obtained from the second step of 
reconstructing high-intensity rainfall events in the past shed 
light on an important finding: increasing the resolution of the 
simulations lead to higher values of maximum and cumula- 
tive rainfall. 

Figure 5 illustrates the increasing accuracy of simulation 
with increasing resolution. This observation indicates that as 
the simulation resolution increases, it becomes more capable 
of capturing the local variations associated with local topog- 
raphy. The relationship between resolution and the ability to 
accurately represent precipitation patterns highlights the 
importance of considering finer scales in meteorological 
simulations to understand better and predict intense rainfall 
events. Moreover, this study showed that the MSSG 
simulations were generally successful in simulating the 
development of isolated or localized cumulonimbus clouds. 
However, when the size of these cumulonimbus clouds was 
relatively small or the duration of rainfall was short, 
reproducing their exact location through the MSSG 
simulations remained challenging. Nevertheless, from the 
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(b) 1C_child domain which the grid size is 2 km x 2 km, (ce) 2C_grand 
child domain which the grid size is 500 m x 500 m 


current perspective, it is essential to note that landslides are 
typically not triggered by brief, isolated rainfall events but 
rather by prolonged periods of continuous rainfall or high- 
intensity rainfall with a significantly longer duration. The 
accumulation of water in the soil over time ultimately leads 
to an increase in mass and loss of cohesion, facilitating 
downslope movement or rapid erosion. Therefore, the 
challenges in reproducing the exact location of isolated 
cumulonimbus clouds do not significantly impact the accu- 
racy of rainfall predictions in the context of landslide early 
warning systems. 


5 Future Work 
5.1 Turbulence Enhancement of Orographic 
Rainfall 


This study used the “typical cloud model”, i.e., MSSG-Bulk, 
installed in MSSG simulation system. Recent research has 
proven that the turbulence enhancement of collision growth 
in orographic settings significantly impacts rainfall enhance- 
ment (Falkovich and Pumir 2007; Grabowski and Wang 
2013; Onishi et al. 2015). The present MSSG have the 
“turbulence-aware cloud model”, developed by Seifert and 
Onishi (2016) and Onishi and Seifert (2016), which is capa- 
ble of considering turbulence enhancement in orographic 
rainfall. 

According to Seifert and Onishi (2016), and as illustrated 
in Fig. 6, turbulent enhancement in orographic rainfall can 
impact conversion rates among different categories, i.e., 
cloud droplet growth. 
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Topographical 
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Fig. 6 (a) Schematic illustration of turbulence enhancement of oro- 
graphic rain, (b) interactions and processes among categories of warm 
cloud. Pauto represent amount of increase in raindrops due to collision of 
small water droplets and merger into large water droplets, and Pacer 


Autoconversion, Pauto, represents the conversion rate from 
the cloud-water category to the rain-water category due to 
collisions among cloud droplets. Accretion, Pacer, represents 
the conversions rate from cloud water to rain-water category 
due to collections of cloud droplets by rain drop. 

The turbulence enhancement in drop collisions enlarges 
the two conversion rates, Payto and Pacer. The present MSSG 
simulations did not use turbulence-aware cloud models and 
they are, therefore, not capable of considering turbulence 
enhancement. The impact of turbulence enhancement in 
past rainfall events should be assessed as a next step. 


5.2 Super-Resolution Simulations 

Downscaling techniques, including machine learning models 
such as artificial neural networks and support vector 
machines, are employed to enhance the spatial resolution of 
low-resolution models. 

High-resolution (HR) numerical simulations offer supe- 
rior predictive capabilities to low-resolution (LR) simulations 
but come at a higher computational cost. The super- 
resolution (SR) simulation system (Onishi et al. 2019) 
employs a two-step approach to reduce the computational 
cost for HR prediction information. Firstly, an LR simulation 
is conducted, and then the resulting LR prediction images are 
mapped to HR predictions using an SR method. This combi- 
nation enables the system to provide HR predictions as reli- 
able as those obtained from HR simulations while at a much 
smaller computational cost. 
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implies the amount of increase in raindrops due to large water droplets 
collecting and merging small water droplets. This two coalescence 
factors Puto and Paco, are enhance due to turbulence 


A recently introduced super-resolution (SR) neural net- 
work, as proposed by Yasuda et al. (2022), demonstrates its 
applicability in generating rainfall prediction maps. The SR 
network can utilize multiple input channels, such as a high- 
resolution topography map, to enhance the accuracy of the 
resulting high-resolution (HR) rainfall map and to widen the 
generality of the network. The SR neural network is trained 
using HR and low-resolution (LR) simulation results during 
the training phase. HR simulations, which are computation- 
ally intensive and performed on supercomputers, contribute 
to generating training data sets. In contrast, during opera- 
tional use, LR simulations require significantly lower compu- 
tational resources. This SR system holds promise for 
providing real-time prediction services to local communities 
needing more computational capabilities. 


6 Conclusions 


The Multi-Scale Simulator for the Geoenvironment (MSSG) 
offers a promising tool for enhancing regional simulations 
with high resolution. The MSSG simulation with an 8 km- 
2 km-500 m nesting grid system has demonstrated reasonably 
accurate rainfall predictions, particularly for investigating 
local orographic rainfall. Occasionally, less accurate rainfall 
predictions can be attributed to the challenge of reproducing 
the exact location of short-lived, isolated cumulonimbus 
clouds. 

The MSSG provides more reliable rainfall data as the 
resolution increases. This study has revealed that by 
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increasing the resolution from 8 km—2 km to 8 km-2 km- 
500 m, the cumulative rainfall and maximum hourly-average 
rainfall for specific events exhibit higher values, which align 
closer to the observed data. This finding establishes the 
reliability of the MSSG, paving the way for the confident 
implementation of fine-resolution simulations. 

The real-time operation using the MSSG with an 8 km— 
2 km-500 m nesting grid system would require expensive 
computers. The deep-neural-network super-resolution tech- 
nology would help to reduce the computational cost to pro- 
duce high-resolution reliable predictions for orographic 
rainfall. This technology combination positions the MSSG 
as an effective tool for rainfall forecasting and early warning 
of landslides. 
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Abstract 


Rainfall-induced landslides are widely occurring phenom- 
ena that cause billions of US dollars annually in damage, 
and thousands of deaths globally. The Philippines, due to 
its climate, geographic location and topography, is among 
those countries most prone to the hazard. The strong 
climatic warming trend over the past decades has affected 
the rainfall pattern in the country, thus affecting the land- 
slide distribution as well. This study aims to determine 
how the rainfall in our study area, Davao Oriental, is 
expected to change in the future in response to climate 
warming and how such a change may affect the landslide 
susceptibility pattern in the province. Results show that 
contrary to the general perception of increased landslide 
susceptibility due to a warming climate, a decreased sus- 
ceptibility is anticipated in the study area. Despite this 
decrease, however, there remains high to very high land- 
slide hazard for the northern part of the province well into 
the future, and risk reduction work is still needed in this 
area. Moreover, while the projected decrease in rainfall 
and landslide susceptibility is a positive sign concerning 
landslide hazard management, such a drying trend may 
spawn other hazards, including drought and water short- 
age, underscoring the need for a multi-hazard assessment 
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that takes into account the complex interrelationships 
between different hazards. We deem the results of the 
study to be very important for better prioritization and 
more efficient allocation of resources for disaster risk 
management and reduction. The methodology developed 
for this study can be applied to other parts of the 
Philippines, and other regions as well. 


Keywords 


Rainfall-induced landslide - Climate change - Landslide 
hazard management 


1 Introduction 


Rainfall-induced landslides are a common occurrence in 
almost all parts of the world, causing billions of US dollars 
in damage annually, and thousands of deaths globally. The 
Philippines is among those countries most prone to this type 
of hazard, ranking fifth in the world in terms of number of 
landslide (wet) disaster occurrences from 1970 to 2023 
(EMDAT, CRED/UCLouvain 2023) (Fig. 1). The reason 
for this lies in the climate, geographic location and topogra- 
phy of the country. Climate in the Philippines is generally 
tropical maritime, characterized by high temperature and 
high amounts of rainfall. Some regions, particularly those 
falling within the equatorial climate zone, are hot and wet 
year-round. Rainfall is governed by the Southwest Monsoon 
in the boreal summer months, and by the Northeast Monsoon 
in the boreal winter, with contribution from tropical cyclones 
(Bagtasa 2017; Matsumoto et al. 2020). The mean annual 
rainfall varies from about 960 to 4000 mm annually, with the 
easternmost parts receiving the greatest amount of rain 
(Olaguera et al. 2022; PAGASA 2023). 

Situated in the Northwestern Pacific basin, a great portion 
of the rain in the Philippines, particularly along the north- 
western coast of Luzon, is due to both direct and indirect 
influence of typhoons (Bagtasa 2017; Cinco et al. 2016). The 
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Fig. 1 The Philippines ranks fifth 
in terms of global occurrences of 
rainfall-induced landslide disaster 
from 1970 to 2023 (Data Source: 
EM-DAT, CRED/UCLouvain 
2023) 


Japan 15 


Papua New Guinea 15 


Ecuador 12 


basin is the most active tropical cyclone (TC) basin on the 
planet, accounting for about 30% of all TC activities 
(Fudeyasu et al. 2014). Worldwide, the Philippines ranks 
second, next only to China, in terms of TC landfalls since 
1970 (NOAA’s Atlantic Oceanographic and Meteorological 
Laboratory 2021). About 20 TCs enter the Philippine Area of 
Responsibility per year, with approximately nine making 
landfall (Cinco et al. 2016). 

Moreover, convective rainfall is also common due to the 
country’s mountainous terrain, interspersed with narrow 
coastal plains (WBG and ADB 2021; Olaguera et al. 2022). 
This mountainous terrain is characterized by steep slopes and 
are, therefore, susceptible to all types of mass movement. 

Like in all parts of the world, the strong warming trend over 
the past few decades has affected the rainfall pattern in the 
Philippines. For effective disaster management, it is important 
to determine this change in rainfall pattern and how such a 
change is, in turn, affecting hydrometeorological hazard 
patterns. In line with this, the present study was conducted 
for Davao Oriental as a case study, with the aim of assessing 
how the rainfall is anticipated to change in the future and how 
such a change will affect the landslide distribution in this 
province. Davao Oriental was chosen as the study area due 
to data availability for validation of results. Nonetheless, the 
methodology presented in this study can be applied to other 
parts of the Philippines, and other regions as well. 


2 Study Area 


Davao Oriental is located on the island of Mindanao, lying at 
the southeasternmost tip of the Philippines. It covers a total 
area of 5680 km, and comprises 10 municipalities and one 
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city. Mati City serves as the province’s capital. Davao Orien- 
tal is bounded by the Philippine Sea to the east and Davao 
Gulf to the west (Fig. 2). 

Rainfall in the province is more or less distributed evenly 
throughout the year, and is influenced by TCs, low pressure 
systems, cold surges, cold surge shearline, cold surge vorti- 
ces, and local convective systems (Olaguera et al. 2022). The 
province also experiences its fair share of TCs. Figure 3a 
shows the TC tracks from 1971 to 2015 that may have 
directly or indirectly affected Davao Oriental (i.e., TCs fall- 
ing within a 250-km buffer zone that is centered in the 
province). The decade from 1991—2000 has the most num- 
bers of TCs, mostly tropical depressions (Fig. 3b). The 
decade from 1981—1990 was characterized by three destruc- 
tive typhoons of Category 4. Figure 3c indicates that most 
TCs occurred in November and December, which were also 
the months when two Category 5 TCs passed through this 
region: Typhoon Mike (Ruping) in November 1990, and 
Typhoon Bopha (Pablo) in December 2012 (Narisma et al. 
2017). A recent analysis of the rainfall associated with TCs 
(i.e., within a 1100-km radius from the TC center) from 
1951-2014 indicates less than 20% contribution of TCs to 
rainfall over Davao Oriental (Bagtasa 2017); however, this 
study did not consider the contribution of tropical 
depressions or low-pressure systems. 

Geologically, Davao Oriental is mainly composed of Late 
Jurassic to Cretaceous basement rocks consisting of meta- 
greenstones, greenschists and ophiolitic sequences, and Early 
Miocene clastic rocks (Buena et al. 2019). There are two 
main tectonic features in the region: (1) the Philippine trench 
offshore to the east, which marks the subduction of the 
Philippine Sea Plate beneath the Philippine Mobile Belt, 
and (2) the southern extension of the Philippine Fault Zone, 
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Fig. 2. Location of Davao 
Oriental and the municipalities 
comprising the province [Sources: 
Global Administrative Areas 
(GADM), U.S. Geological Survey 
and General Bathymetric Chart of 
the Oceans (GEBCO)] 


which is a 1200 km-long strike-slip fault that transects the 
entire country from north to south, and splits into a number of 
branches in the study area (Fig. 4). Davao Oriental is there- 
fore prone not only to rainfall-induced landslides but to 
earthquake-triggered landslides as well. 


3 Methodology 


3.1 Base Landslide Susceptibility Map 

This study used as a base map the official government land- 
slide susceptibility map of Davao Oriental published by the 
Mines and Geosciences Bureau of the Department of Envi- 
ronment and Natural Resources of the Philippines (DENR- 
MGB 2022) (Fig. 5). Mainly derived using a field-based, 
qualitative approach, the map was generated considering 
the following parameters: slope gradient, weathering/soil 
characteristics, rock mass strength, ground stability, and 
human initiated effects (Table 1). The map therefore depicts 
the likelihood of a landslide occurring in an area based on the 
local terrain (Soeters and Van Westen 1996; Reichenbach 
et al. 2018). Ranking into different landslide susceptibility 
levels (very high, high, moderate and low) was based on the 
criteria in Table 1. Triggering mechanisms, such as rainfall, 
were not considered. Thus, in order to get an overview of 
how the terrain conditions may interact with rainfall at pres- 
ent and in the future, historical and projected rainfall data 
were incorporated in the present study. 
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3.2 Historical and Projected Rainfall 
As extreme rainfall, from short cloudbursts to prolonged 
events that last for several days to weeks, is the most signifi- 
cant trigger of landslides (Kirschbaum et al. 2020), extreme 
rainfall was considered in this study. In particular, the index 
R9SpTOT was used, which is the total amount of annual 
precipitation that falls on “very wet days”, or when daily 
rainfall RR exceeds the 95th percentile threshold of the base 
period (1986-2005), i.e., RR > 95p (Karl et al. 1999; 
Peterson et al. 2001). 
Expressed mathematically, 
R9SpTOT =~" RRy RR„j > RRyn 95 
where RR,,; is the precipitation amount on a wet day w (i.e., 
RR > 1.0 mm in period j), RRwn95 is the 95th percentile of 
precipitation on wet days in the historical (or projection) 
period, and W is the number of wet days in the period. 
Rainfall data were obtained from a subset of the climate 
projections from the Southeast Asia Regional Climate 
Downscaling (SEACLID)/Coordinated Regional Climate 
Downscaling Experiment Southeast Asia (CORDEX-SEA) 
project, described in Tangang et al. (2020). Five Coupled 
Model Intercomparison Project Phase 5 (CMIP5) global 
climate models (GCM) were used, namely the CNRM- 
CM5, MPI-ESM-MR, EC-Earth, CSIRO-Mk3.6.0, and 
HADGEM2-ES. Kamworapan and Surussavadee (2019) pro- 
vide details on these GCMs. Used for understanding and 
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Fig. 3 (a) Tropical cyclone tracks (blue lines) within 250 km of the 
Davao Oriental boundary (enclosed in dashed box) from 1971 to 2015; 
(b) Decadal Total Number of Tropical Cyclones for Davao Oriental 
(1971-2015). Note that there are only five years for 2011 to 2015, (c) 
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Fig. 4 Main tectonic features in the study area (bounded by rectangle); 
(1) Philippine Trench (2) PFZ—Philippine Fault Zone. Modified from 
PHIVOLCS (2018) 
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Monthly Total Number of Tropical Cyclones in Davao Oriental 
(1971-2015) (© 2017 The Oscar M. Lopez Center for Climate Change 
Adaptation and Disaster Risk Management Foundation, Inc., In: 
Narisma et al. 2017, used with permission) 


predicting climate behavior, GCMs are complex mathemati- 
cal representations of the major climate system components 
(atmosphere, land surface, ocean, and sea ice) and their 
interactions. Climate projections from GCMs have coarse 
resolution and require downscaling at finer scales to be suit- 
able for local analyses. In this study, the GCMs were 
dynamically downscaled to 25 km resolution using the 
Abdus Salam International Centre for Theoretical Physics 
(ICTP) Regional Climate Model version 4.3 (RegCM4.3) 
(Giorgi and Anyah 2012). The model results have biases 
when compared to observational datasets. Thus, bias- 
adjustments were performed against the 0.25-degree resolu- 
tion Fifth Generation European Centre for Medium-Range 
Weather Forecast (ECMWF) reanalysis (ERA5) dataset 
(Hersbach et al. 2018) using a Quantile Delta Mapping tech- 
nique described in Cannon et al. (2015). 

The ensemble mean was taken to prepare the 20-year 
mean of the annual extreme rainfall total during the historical 
(1986-2005) and future projection (2046-2065) periods, 


Climate Change as Modifier of Landslide Susceptibility: Case Study in Davao Oriental. . . 251 


Davao Oriental: Landslide Susceptibility Map (DENR-MGB) 


126°00E 


TRON 


2600E 2S NTE 


ORIENTAL 


[___] Municipality and City Boundaries 
Bathymetric Contours (1000m intervals) 


Landslide Susceptibility 
HBR Very High Susceptibility 
BEBE High susceptivitity 


eal Moderate Susceptibility 
Ey Low Susceptibility 


=) Low-ying flood-prone areas 


0 5 10 20 
km 
11,000,000 
Universal Transverse Mercator Zone 52 North 
84 Datum 


Source: 
Raintall-Inducod Landslide from DENR-MG8 


Geological Survey 
Bathymetry from the General Bathymetric Chart of the 
Oceans (GEBCO) 


2TOVE 


Fig. 5 The landslide susceptibility map of DENR-MGB (2022) used as the base map for this study (used with permission) 


under two scenarios: RCP4.5 and RCP8.5. Used by the 
Intergovernmental Panel on Climate Change (IPCC) in its 
fifth assessment report, RCP stands for Representative Con- 
centration Pathways, which predicts the concentration of 
greenhouse gases (GHG) in the atmosphere as a result of 


Table 1 DENR-MGB Landslide susceptibility ranking (Garas 2013) 


human activities. The RCP4.5 refers to a moderate scenario 
in which GHG emissions peak around 2040 and then decline. 
On the other hand, RCP8.5 is the highest emissions scenario 
in which emissions continue to rise throughout the twenty- 
first century (IPCC 2014). 


Landslide 

susceptibility 

parameters Low Moderate High Very high 

A. Slope Low to moderate (<18°) Moderate to steep (18°-35°) Steep to very steep Steep to very steep (>35°) 

gradient (>35°) 

B. Weathering/ Slight to moderate Moderate Intense; soil usually Intense; soil usually 

Soil non-cohesive non-cohesive 

characteristics 

C. Rock mass Very good to good Fair Poor to very poor Poor to very poor 

strength 

D. Ground Stable with no identified Soil creep and other indications Inactive landslides Active landslides evident; 

stability landslide scars, either old, of possible landslide occurrences evident; tension tension cracks, bulges, terracets, 
recent or active are present cracks present seepage present 

E. Human- May be an aggravating factor 


initiated effects 
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Fig. 6 Scheme for the raster 
multiplication process and 
susceptibility level generation 


Rainfall 


Using the ArcGIS platform, the aggregated rainfall data 
were then rendered in maps, where areas are categorized into 
classes based on the relative amount of rainfall received. 


3.3 Modified Landslide Susceptibility Map 

As a final step, the rainfall maps were combined with the base 
landslide susceptibility map to generate the modified 
landslides susceptibility maps. To do this, the values of the 
rainfall classes and the landslide susceptibility levels in the 
respective maps were first reclassified into 1 to 4 using the 
Reclassify tool of ArcGIS, with 1 corresponding to low and 
4 corresponding to very high. Then, using the Raster Calcu- 
lator tool, the reclassified rainfall and landslide susceptibility 
values were multiplied with each other on a per pixel basis. 
This step serves as the cross-tabulation of the two variables 
being combined, which were assumed to have equal weights. 
Finally, the resulting values from the cross tabulation were 
classified into different susceptibility levels following the 
pre-assigned categories in the matrix in Fig. 6. 


4 Results and Discussion 


Figure 7a—c show the distribution of historical and projected 
extreme annual rainfall in the study area. Historical total 
annual extreme rainfall ranges from 244 mm to 477 mm. A 
clear north-south divide is noticeable where the historical 
extreme rainfall was higher over the northern than over the 
southern part of the province. The highest amounts were 
recorded mainly in Baganga and Cateel, and in parts of 
Caraga and Boston. This result is consistent with the fact 
that TCs in the Philippines, with which extreme rainfall is 
usually associated, generally originate in the Pacific Ocean 
and follow a northwesterly direction over Mindanao, usually 
affecting only the northern part of the region, as is also 
evident from Fig. 3a. 
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The same general rainfall distribution pattern as in the 
historical period is observed for the projected period. How- 
ever, drier conditions are expected by the mid-twenty-first 
century under both the RCP4.5 and RCP8.5 scenarios, with 
lesser areas experiencing very high extreme rainfall 
(Table 2), mainly in Baganga, Cateel and Caraga. Relative 
to the baseline extreme rainfall total range of 244-477 mm, 
the decrease in extreme rainfall is greater under RCP4.5, with 
annual extreme rainfall total range of 221-462 mm, com- 
pared to 223-474 mm under RCP8.5. 

The resulting modified rainfall-induced landslide suscep- 
tibility (RILS) maps are shown in Fig. 8a—c. Comparing the 
modified historical RILS map (Fig. 8a) with the base RILS 
map (Fig. 5), it is seen that incorporating rainfall data into the 
latter map allows further delineation of very highly suscepti- 
ble areas (Fig. 8a, Table 3). Specifically, the very highly 
susceptible areas increased by more than 45-fold. For disaster 
risk management, this modification is deemed very important 
as it allows better prioritization and more efficient allocation 
of resources. 

The slope failures/movements that were observed during a 
field survey in the province (Narisma et al. 2017) were 
plotted in the modified historical RILS map (Fig. 9). As can 
be seen, they mostly fall on highly to very highly susceptible 
areas, providing increased confidence in the validity of the 
modified RILS maps. Note, however, that the field survey 
was limited only to accessible areas and therefore, by no 
means an intensive landslide inventory of the study area. 

During the inspection, it was observed that when it rains, 
the rainwater collects and seeps through the fissures in rocks/ 
soils, runs downslope, and oftentimes collects at the foot of 
the slope. As is generally known, rainwater increases the 
weight of slope materials, reduces friction along potential 
failure planes, and increases pore water pressure that then 
reduces the strength of the slope mass. These may have 
contributed to the failure of the investigated slopes. The 
observed slope failures vary in type, including rotational 
slide, translational slide, debris flow, rock fall and creep. 
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Fig. 7 Annual extreme rainfall in Davao Oriental (a) Historical very high extreme rainfall is expected by the mid-twenty-first century 
(1986-2005), (b) Projected under RCP4.5 (2046-2065), and (c) under both scenarios (see also Table 2), mainly in Baganga, Cateel and 
Projected under RCP8.5 (2046-2065). A decrease in areas affected by Caraga 
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Table 2 Areas affected by 


different rainfall classes Rainfall nm) 


Very high 
High 
Moderate 
Low 


It follows from the decreasing future trend of the extreme 
rainfall intensity that the RILS in the study area would also 
decrease during the projection period. The expected decrease 
is stronger under RCP4.5 than under RCP8.5 (Fig. 8; 
Table 3). Specifically, the very highly susceptible areas are 
projected to decrease by about 34% and 22% under RCP4.5 
and RCP8.5, respectively, while the low susceptible areas are 
projected to increase by about 31% under both scenarios. 
Again, the changes are expected to be observed mainly in 
the municipalities of Baganga, Cateel and Caraga. 

The same trend of decreasing landslide susceptibility is 
actually expected across all of Philippines, as a general dry- 
ing trend is projected throughout the country, except in some 
areas in the north, mainly in Luzon Island (DOST-PAGASA, 
Manila Observatory and Ateneo de Manila University 2021; 
Narisma et al. 2017). Therefore, contrary to the expectation 
of future increase in the frequency and magnitude of 
landslides for most of the world’s regions, climate change is 
positively modifying the landslide hazard susceptibility in 
Davao Oriental, and the Philippines, in general. 

It must be noted, however, that there remains high to very 
high landslide hazard for northern Davao Oriental well into 
the future, and that risk reduction work is still needed in this 
area. Moreover, while the projected decrease in rainfall and 
landslide susceptibility is a positive sign concerning landslide 
hazard management, such a drying trend may spawn other 
hazards, including drought and water shortage, which can 
have dire consequences on people’s health, livelihood and 
well-being. This underscores the importance of a multi- 
hazard assessment that takes into account the complex 
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Affected area (sq. km) 


Historical RCP4.5 RCP8.5 
1775 1032 1314 
1445 1637 1368 
890 1126 1118 
1028 1343 1338 


interactions and interrelationships between the different 
hazards that an area is subject to. 


5 Conclusion and Outlook 


One of the greatest concerns about the current warming of the 
planet is an increase in precipitation and, therefore, the con- 
sequent increase in hydro-meteorological hazards such as 
landslides. In this study, we show that for the study area in 
Davao Oriental, global warming is causing a general reduc- 
tion in landslide hazard susceptibility as a consequence of the 
drying trend expected in the area in the mid-twenty-first 
century. 

Going forward, we deem it necessary that studies like the 
present be conducted in the other parts of the country, focus- 
ing on areas where increased rainfall is expected. Nonethe- 
less, regardless of whether the projection for a given area is of 
a drying or a wetting trend, it is important to determine the 
consequent change in the associated patterns of multiple 
hazards so as to allow better prioritization and more efficient 
allocation of resources for disaster risk management and 
reduction. 

In this preliminary work, the landslide susceptibility was 
defined considering the relative amount of extreme rainfall 
within the study area. In future work, we intend to use 
empirically-derived rainfall threshold values to define the 
different susceptibility levels. In addition, the use of other 
extreme rainfall indices may be explored to better capture the 
relationship between rainfall and landslide occurrences. 


Climate Change as Modifier of Landslide Susceptibility: Case Study in Davao Oriental. . . 255 


Davao Oriental: 


Modified Rainfall-induced 
Landslide Susceptibility 
(Extreme Rainfall 1986-2005) 


| te 
i$ 


AAN Ae 
_ MINDANAO, , 


BANAYBANAY, P Wi l ippine Sea 
DAVAO 
ORIENTAL 


N 
0 3 6 À. 180 
—o 
Davao Oriental: 1: 2,800,000 
Modified Rainfall-induced 2 Universal Transverse Mercator 


Zone 52 North 


Landslide Susceptibility WGS 84 Datum 


(Extreme Rainfall 
2046-2065, RCP4.5) 


Legend 


[C] Municipality and City Boundaries 
Bathymetric Contours (1000m intervals) 

Philippine Sea 

Landslide Susceptibility 

Very High Susceptibility 

MB Hich Susceptibility 

GE Moderate Susceptibility 

[E] Low Susceptibility 


[__] Low-lying flood-prone areas 


Davao Oriental: 


Modified Rainfall-Induced i 
Landslide Susceptibility ea Source: 


(Extreme Rainfall ome Landslide from 
2046-2065, RCP8.5) ¥ Rainfall cata from GCMs: CNRM-CMS5, 
l HADGEM2-ES, MPI-ESM-MR, EC-Earth, 

CSIRO-Mk3.6.0; 

Municipal and City boundaries from 

gadm.org; 

Relief and Elevation from SRTM 

Data availabe from the U.S. Geological 
Philippine Sea Survey; 

Bathymetry from the General Bathymetric 

Chart of the Oceans (GEBCO) 


ae 


GOVERNOR GENEROSO, 
» 


Fig. 8 Modified rainfall-induced landslide susceptibility maps of A decrease in landslide susceptibility is expected by the mid-twenty-first 
Davao Oriental (a) Historical (1986-2005), (b) Projected under century (see also Table 3), mainly in Baganga, Cateel and Caraga, 
RCP4.5 (2046-2065), and (c) Projected under RCP8.5 (2046-2065). following a decrease in extreme rainfall in the area 
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Table 3 Areas falling on each susceptibility category 


Affected area (sq.km) 
Susceptibility level Without rainfall 
Very high 25 
High 3509 
Moderate 847 
Low 257 


Davao Oriental: Observed Landslide Locations 
(Extreme Rainfall 1986-2005) 
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Fig.9 Observed slope failures/movements in the study area (Landslide photos © 2017 The Oscar M. Lopez Center for Climate Change Adaptation 
and Disaster Risk Management Foundation, Inc., In: Narisma et al. 2017, used with permission) 
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Fractal-Based Evaluation of the Spatial Relationship 
Between Conditioning Factors and the Distribution 
of Landslides (a Case Study in Tinh Tuc, Cao Bang 
Province, Vietnam) 
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Abstract 


This paper presents the assessment results of the spatial 
relationship between past landslides and four landslide 
factors in Tinh Tuc town, Cao Bang province, Vietnam, 
including distance to roads, distance to faults, distance to 
drainage, and distance to geological boundaries. The frac- 
tal dimension values were determined using fractal 
analyses on three sets of raw data, including the number 
of landslides, landslide density, and landslide relative 
density. Using a combination of the frequency ratio 
(FR) method and the fractal method, landslide susceptibil- 
ity maps were produced to determine which raw data set 
more properly analyzes the role of factors in the develop- 
ment of the landslide process. Assessment results using 
the receiver operating characteristic (ROC) method indi- 
cate that the fractal analysis of the raw data sets success- 
fully determines the spatial relationship between 
conditioning factors and landslides in the study area. In 
addition, relationship analyses using datasets based on 
landslide density provide more optimal outcomes. The 
authors also suggest integrating the fractal method with 
other quantitative assessment methods to improve the 
accuracy of landslide prediction in Vietnam and 
worldwide. 


B. Van Duong (2X) 
Department of Engineering Geology, Ordzhonikidze Russian State 
Geological Prospecting University, Moscow, Russia 


Department of Engineering Geology, Hanoi University of Mining and 
Geology, Hanoi, Vietnam 
e-mail: duongvanbinh@humg.edu.vn 


I. K. Fomenko 
Department of Engineering Geology, Ordzhonikidze Russian State 
Geological Prospecting University, Moscow, Russia 


K. T. Nguyen 

Department of Hydrogeology and Engineering Geology, Institute of 
Geological Sciences, Vietnam Academy of Science and Technology, 
Hanoi, Vietnam 


© The Author(s) 2023 


Keywords 


Fractal method - Landslide - Conditioning factor - Spatial 
relationship - Frequency ratio method - Tinh Tuc - 
Vietnam 


1 Introduction 


The challenge of ensuring the sustainable development of 
residential communities in the context of rapid urbanization 
is crucial for developing countries, including Vietnam. With 
75% of the territory comprised of mountainous terrain, the 
frequency of sediment-related natural hazards has increased 
in recent years (Lan Huong et al. 2022). Consequently, it is 
necessary to identify hazard zones by producing integrated 
maps based on the current situation and available materials. 
These maps include data on the spatial distribution of hazard 
zones and their temporal evolution. These data are essential 
for evaluating potential risks, long-term territorial planning, 
and land use planning. 

Compared to other sediment-related disasters, landslides 
are prevalent in Vietnam, particularly in the northern moun- 
tainous regions, and negatively impact the sustainable devel- 
opment of local communities (Thanh Thi Pham et al. 2020). 
Therefore, numerous studies on landslides have been 
conducted in these regions (Bien et al. 2022; Hung et al. 
2017). According to previous studies, most landslides were 
triggered by precipitation, and the increase in landslide fre- 
quency has been associated with human activities (e.g., road 
construction) (Do et al. 2022; Tien Bui et al. 2017). When 
developing models for predicting landslides, determining the 
relationship between conditioning factors and the distribution 
of landslides is crucial (Liao et al. 2022). The evaluation 
results may validate the correctness of the selection of analy- 
sis factors and play a significant role in the performance of 
the prediction models. 

This paper presents the results of the fractal-based evalua- 
tion of the spatial relationship between conditioning factors 
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and the distribution of landslides in Tinh Tuc town, Cao Bang 
province, Vietnam. The spatial relationship was evaluated 
using three raw data sets, including the number of landslides, 
relative landslide density, and landslide density. By produc- 
ing landslide susceptibility zonation maps, this study deter- 
mined that all three data sets are suitable for assessing the 
relationship between landslide occurrences and conditioning 
factors. In addition, this study determined that the prediction 
model based on relative landslide density and landslide den- 
sity provided a higher performance in analyzing the relation- 
ship between landslides and conditioning factors. 


2 Study Area 


Cao Bang province (6690 km?; 22° 21’ N to 23° 07’ N and 
105° 16’ E to 106° 50’ E), which is located in the northeast- 
ern mountainous region of Vietnam (Fig. 1), has experienced 
numerous natural disasters in recent years, especially 
landslides, due to the influence of various natural, environ- 
mental, and social conditions. Nguyen Binh is a mountainous 
district in the southern portion of Cao Bang province that is 
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Fig. 1 Location of study area 
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determined to be one of the areas with a very high likelihood 
of landslides (VIGMR 2017). 

Tinh Tuc town is 18 km from the center of Nguyen Binh 
district and is situated on National Highway 34, which 
connects Cao Bang province and Ha Giang province 
(Fig. 1). The study area covers a total of 66.76 km’, including 
Tinh Tuc town and its surroundings. The elevation of the 
study area ranges from 434 m in the valley to 1876 m in the 
mountainous terrain, where Phia Oac peak reaches 1932 m 
(Kien et al. 2021). The studied territory is characterized by 
geological formations and complexes composed of igneous 
and sedimentary rocks dated from the Paleozoic to the Qua- 
ternary period. The weathering process has contributed to the 
growth of two main types of weathering crust in the 
study area: ferosialite (86%) and sialferite (14%). In 2020, a 
failure volume of 2500 m°? was recorded at Highway 34, Km 
192 + 500, on the 3—4 m-thick weathering crust formed from 
the rocks of the Song Hien formation (Fig. 2a). Another 
landslide occurred in 2016 at Km 200 + 300 on Highway 
34. The weathering crust, with a thickness between 3 and 
4 m, formed from the Cao Bang Complex rocks, has pro- 
duced a sliding mass with a volume of 50,000 m? (Fig. 2b). 
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Fig. 2 Landslides at the national highway 34 km 192 + 500 (a), and at Km 200 + 300 (b). Photo by T. K. Nguyen 


Heavy rainfall in a short period of time or prolonged rainfall 
events have been identified as the trigger of landslides in the 
study area. 


3 Evaluation of the Spatial Relationship 
Between Conditioning Factors 
and the Distribution of Landslides 
3.1 Methods 
Mandelbrot (1967), who initially introduced the fractal the- 
ory in his study of the British coastline, determined that the 
degree of complication of a geographic curve may be 
characterized by a “dimension” D. Since then, the fractal 
method has been improved and extensively utilized in numer- 
ous fields of research, including medicine (Tanabe et al. 
2020), muscle activity patterns during locomotion (Santuz 
and Akay 2020), materials science (Paun et al. 2022), the 
characterization of absorption capacity, porosity, and surface 
area (Elejalde-Cadena and Moreno 2021), natural hazards 
(Cello and Malamud 2006), etc. 

In the landslide susceptibility study, the fractal method is 
employed to determine the weights of the conditioning 
factors, therefore indicating the role of each conditioning 
factor in the occurrence of landslides in the studied territory. 
The method may be characterized as a power law described 
by Eq. (1): 


p(r) x C.r~P (1) 


where r is the feature measured scale, p is the measured value 
under the corresponding scale r, C is a constant value, and 
D is the fractal dimension (Hu et al. 2020). Fractal analyses 
provide a raw data set (P) based on several variables, such as 
the number of landslides, relative landslide density, and 


landslide density. The cumulative sum (S) values are then 
determined using the formula (2): 


{P}={P1, Po, ...,Pn} 


{S1} = (Pichi + Pass Pi Pat... FE} 


{So} = {S11 S11 + Sia, eS Fee Sinh eee (2) 
The fractal analysis then constructs the (S, r) graphs and 
performs a linear fitting to determine the D value for each 
condition factor. By using the formula (3), the weight of each 
landslide conditioning factor (W;) is calculated: 


Wi=Di/S~ Pi (3) 


In this study, the Frequency ratio (FR) was integrated with 
the Fractal method to produce partition landslide susceptibil- 
ity zonation (LSZ) maps to examine the efficacy of spatial 
relationship evaluation using different raw data sets. The FR 
method evaluates the relationship between the distribution of 
landslides and the subclasses of conditioning factors (Wang 
et al. 2020) based on the formula (4): 


FR; = %LS;/%A; (4) 


where FR; is the FR value of subclass i, %LS; is the percent- 
age of landslides in subclass i, and %A; is the area percentage 
of subclass i. The calculated FR value is then normalized to 
the weight of the factor class (NFR) according to the 
formula (5): 


NFR; =FR;/S~'_ FR; (5) 
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Finally, the landslide susceptibility index (LSI) is calculated 
according to the formula (6): 


LSI=S~'_NFR;* W; (6) 


3.2 Spatial Relationship Between 
Conditioning Factors and Landslide 


Distribution 


For analyzing the spatial relationship, this study selected four 
landslide conditioning factors, including distance to roads, 
distance to faults, distance to drainage, and distance to geo- 
logical boundaries. Downloaded OpenStreetMap data from 
Geofabrick was used to produce a map of the distance to 
roads in the study area (Fig. 3a). Along with a 12.5-m- 
resolution digital elevation model (DEM), data on geological 
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units and fault systems were provided by the Institute of 
Geological Sciences, Vietnam Academy of Science and 
Technology. Geologically, the study area has six geological 
units, including the Bac Son formation, Dong Dang forma- 
tion, Song Hien formation, Quaternary deposits, Cao Bang 
complex, and Pia Oac complex. Afterward, these data were 
used to prepare additional factor maps, including distance to 
faults (Fig. 3b), distance to drainage (Fig. 3c), and distance to 
geological boundaries (Fig. 3d). Each factor was divided into 
subclasses for quantifying the relationship between condi- 
tioning factors and landslide distribution. Distance to roads, 
distance to faults, and distance to geological boundaries were 
subdivided into 11 subclasses, while the distance to drainage 
was subdivided into seven classes, as shown in Table 1. 
Analysis of the spatial relationship between conditioning 
factors and past landslides revealed that most landslides 
occurred within 100 m of roads and 200 m of drainage 
systems. This result demonstrates that the construction of 
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Fig. 3 Maps of distance to roads (a), distance to faults (b), distance to drainage (c), and distance to geological boundaries (d) 
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Table 1 Spatial distribution analysis of landslides using FR method 


Class 
0-100 
100-200 
200-300 
300—400 
400-500 
500—600 
600-700 
700-800 
800-900 
900-1000 
>1000 
0-100 
100-200 
200-300 
300—400 
400-500 
500—600 
600-700 
700-800 
800-900 
900-1000 
>1000 
0-100 
100-200 
200-300 
300—400 
400-500 
500—600 
600-703 
0-100 
100-200 
200-300 
300—400 
400-500 
500—600 
600-700 
700-800 
800-900 
900-1000 
>1000 


Factor 
Distance to roads (m) 


Distance to faults (m) 


Distance to drainage (m) 


Distance to geological boundaries (m) 


the road system has altered the natural slope, resulting in an 
imbalance that increases the probability of landslides. Since 
precipitation is the main trigger of landslides in the study 
area, landslides frequently occur along drainage systems, 
where soil and rock are highly saturated because of rainwater 
infiltration. However, the distribution of landslides within the 
classes of the remaining two factors is relatively equal. 
Figures 4, 5, and 6 represent the outcomes of the fractal- 
based analysis. The Ln(S)-Ln(r) plots were linearly fitted 
with a correlation coefficient of R? > 0.995, as indicated in 
the figures. Similar to the results of the previous study (Zuo 
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% class area % landslide FR NFR 
25.802 85.106 3.298 0.724 
16.806 10.638 0.633 0.139 
12.734 0 0 0 
9.935 0 0 0 
7.93 2.128 0.268 0.059 
5.966 2.128 0.357 0.078 
4.554 0 0 0 
3.193 0 0 0 
2.42 0 0 0 
2.107 0 0 0 
8.553 0 0 0 
6.424 8.511 1.325 0.09 
5.958 12.766 2.143 0.145 
52 2.128 0.372 0.025 
5.528 6.383 1.155 0.078 
5.293 6.383 1.206 0.082 
5.115 4.255 0.832 0.056 
4.991 2.128 0.426 0.029 
4.847 17.021 3.512 0.238 
4.615 10.638 2.305 0.156 
4.586 4.255 0.928 0.063 
46.922 25502 0.544 0.037 
40.8 44.681 1.095 0.309 
30.05 40.426 1.345 0.38 
18.829 10.638 0.565 0.16 
7.954 4.255 0.535 0.151 
1.814 0 0 0 
0.495 0 0 0 
0.058 0 0 0 
15.807 17.021 1.077 0.104 
13.883 4.255 0.306 0.03 
12.169 10.638 0.874 0.084 
11.244 12.766 1.135 0.109 
10.079 12.766 1.267 0.122 
8.266 6.383 0.772 0.074 
6.235 4.255 0.682 0.066 
4.384 4.255 0.971 0.094 
3.699 4.255 1.15 0.111 
3.284 0 0 0 
10.95 23.404 2037 0.206 


and Carranza 2017), these graphs demonstrate a non-linear 
spatial relationship between the number of landslides or 
landslide density and distance to conditioning factors. By 
utilizing a data set based on the number of landslides (case 
study 1), fractal analyses have shown that the distance to 
drainage is the most influencing factor in the formation of 
landslides (D = 2.0088). However, using datasets based on 
relative landslide density (case study 2) and landslide density 
(case study 3), the analysis results indicated that the distance 
to geological boundaries has the most significant role in the 
landslide process. The remaining factors (distance to faults, 
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y = 1.4549x + 2.4732 
R? = 0.9999 


y = 1.4984x + 2.3813 
R? = 0.9998 
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Fig. 4 Fractal analysis using the number of landslides. Graphs of factors: distance to roads (a), distances to faults (b), distance to drainage (c), and 


distance to geological boundaries (d) 
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Fig. 5 Fractal analysis using relative landslide density. Graphs of factors: distance to roads (a), distances to faults (b), distance to drainage (c), and 


distance to geological boundaries (d) 
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Fig.6 Fractal analysis using landslide density. Graphs of factors: distance to roads (a), distances to faults (b), distance to drainage (c), and distance 


to geological boundaries (d) 


Table 2 Weights of the factors calculated from fractal analysis 


Case study 1 
Factor D; Wi 
Distance to roads 1.0771 0.178 
Distance to faults 1.4549 0.241 
Distance to drainage 2.0088 0.333 
Distance to geological boundaries 1.4984 0.248 


distance to drainage, and distance to roads) have a less 
significant effect on the landslide process. Based on the 
formula (3), the D values are then used to calculate the 
weighted values of the factors (W). The results of the 
calculations are presented in Table 2. 

Using a hybrid fractal-frequency ratio (FFR) model, LSZ 
maps were produced to compare various data sets for spatial 
relationship analysis. This model utilizes the results of calcu- 
lating factor class weights using the frequency ratio method 
and factor weights using the fractal method. The FFR1 model 
employs the analysis results of case study 1, while the FFR2 
model reflects case studies 2 and 3. A receiver operating 
characteristic (ROC) analysis was conducted to assess the 
performance of these models. 


Case study 2 Case study 3 

D; Wi Di Wi 
1.1418 0.203 1.1419 0.203 
1.4762 0.263 1.4765 0.263 
1.4701 0.262 1.4700 0.262 
1.5241 0.272 1.5240 0.272 


3.3 Model Validation 

In this study, the well-known ROC method was employed to 
assess the accuracy of the prediction maps produced by the 
two models. A ROC curve is a curve in the unit square 
formed by plotting sensitivity (or True Positive Rate—TPR) 
versus specificity (1-FPR, FPR—False Positive Rate) at dif- 
ferent thresholds (Yu et al. 2021). It is widely accepted that a 
higher and more leftward-positioned ROC curve in the ROC 
space indicates better prediction performance (Metz 1978). 
Based on the landslide inventory map, which included 
47 landslides, ROC analyses were conducted to determine 
the AUC-ROC (area under the ROC curve) value. 
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3.4 Results of Landslide Susceptibility Using 
Fractal-Frequency Method (FFR) 


The LSI values for the study area were calculated using 
Eq. (6) to produce landslide susceptibility index maps. The 
LSI values range from 0.006 to 0.363 (FFR1) and 0.006 to 
0.365 (FFR2). Based on the landslide susceptibility index 
(LSI) maps, we prepared the landslide susceptibility zonation 
(LSZ) maps in ArcGIS using the Jenks natural breaks classi- 
fication method. The study area was divided into five land- 
slide susceptibility zones: very low, low, moderate, high, and 
very high (Figs. 7 and 8). The LSZ maps produced by the two 
models have similarities when determining the spatial distri- 
bution of susceptibility zones. Most high and very high 
susceptibility zones were identified at low to moderate 
elevations and are dominated by road and drainage networks. 
It has also been shown that the fault system and geological 
boundaries in the study area affect the spatial distribution of 
these zones. 

The proportion of each landslide susceptibility zone 
predicted by the two models is shown in Fig. 9. As seen in 
Fig. 9, all susceptibility zones to landslides were assessed 
similarly by all two models. The very high susceptibility zone 
predicted by the two models is 24.34 (FFR1) and 25.52% 
(FFR2). In addition, the very low landslide susceptibility 
zones assessed by these models are 17.91% and 17.66%, 
respectively. 

By using 47 past landslides in the study area, ROC curves 
depicting the performance of two models were constructed 
(Fig. 10). In Fig. 10, the AUC values and ROC curves 
indicated very good model performance in predicting the 
spatial distribution of landslides (AUC > 80%) (Swets 
1988). All models revealed a relationship between landslide 
conditioning factors and the distribution of historical 
landslides in the study area, as shown by an analysis of the 
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Fig. 7 LSZ map using FFR1 model 
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Fig. 8 LSZ map using FFR2 model 


success rate curves. Generally, the area under the curve 
(AUC) values of the success rate curves for the FFR1 and 
FFR2 models are almost identical. Simultaneously, the anal- 
ysis outcomes revealed that the FFR2 model performed 
slightly better than the FFRI model, indicating strong 
model performance and prediction accuracy. 

According to the study results, all three raw data sets may 
be utilized to analyze the relationship between landslides and 
conditioning factors. However, the model using landslide 
density-based data provides improved prediction perfor- 
mance. This result may be explained by the fact that the 
landslide density provides a stronger spatial relationship 
between the distribution of landslides and the area of the 
factor subclasses. This difference may be defined more 
clearly if the study is conducted in a region with a significant 
number of landslides, along with conditioning factors 
selected depending on data availability, features of 
landslides, and previous studies in the study area. 


4 Conclusions 


In landslide hazard and susceptibility studies, the efficacy of 
assessing the relationship between past landslides and 
selected factors is crucial to the accuracy of the produced 
maps. Therefore, this study was conducted to determine the 
effect of several factors on the distribution of landslides in 
Tinh Tuc town, Cao Bang province, Vietnam. Three raw data 
sets were generated using the number of landslides and 
landslide density. By utilizing the frequency ratio method 
and the fractal method, the role of subclasses and factors, as 
expressed by NFR and W values, was evaluated. Afterward, 
two landslide susceptibility maps were produced based on the 
selected data sets. The similarity of the susceptibility zone 
predicted by the two models and the outcomes of the ROC 
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analysis revealed that the data sets are suitable for producing 
highly accurate landslide susceptibility maps. It is suggested 
to apply the fractal method in landslide susceptibility studies 
because it is possible to quantify the influence of condition- 
ing factors, thereby improving the accuracy of landslide 
prediction. 
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Procedure of Data Processing for the Improvement 
of Failure Time Prediction of a Landslide Based 
on the Velocity and Acceleration of the Displacement 


Imaya Ariyarathna and Katsuo Sasahara 


Abstract 


Time prediction methods based on monitoring surface 
displacement (SD) are effective for early warning against 
shallow landslides. However, failure time prediction by 
Fukuzono’s original inverse-velocity (INV) method is less 
accurate due to variation in the inverse-velocity (1/v) 
caused by noise in the measured SD, which amplifies the 
fluctuation in the resultant 1/v. Therefore, the present 
study incorporates pre-analysis to acquire better prediction 
by reducing the effect of noise on the measured SD. The 
data extraction (DE) and moving average (MA) methods 
are used to filter the measured SD for better smoothing of 
1/v. The root mean square error (RMSE) and determining 
factor (f) values are used to select the optimum SD 
interval (Ax) in the DE method. The RMSE and f values 
are used to evaluate the reproducibility of the measured 
data and the scattering in the relationship between velocity 
and acceleration in an orderly. The data, treated by the DE 
and MA methods, are utilized to predict the failure time 
based on the INV method and the relationship between 
velocity and acceleration on a logarithmic scale (VAA) 
method. Accordingly, Ax gives the smallest sum of the 
normalized RMSE and normalized (1-f), which offers a 
better prediction. When the SD at failure changes, Ax is 
changed. The best prediction is obtained by DE 
preprocessing with the VAA method because it minimizes 
the effect of the individual 1/v by reducing the scatter in 
the relationship between velocity and acceleration. How- 
ever, the time prediction using data processed by the MA 
method shows poor prediction due to some scattering of 
the inverse velocity. In some cases, the prediction by the 
VAA method using MA data provides better prediction 
than the results of the INV method. 
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1 Introduction 


The time prediction of a landslide occurrence is an important 
task for early warning against landslide disasters, but there is 
still uncertainty about its precision. However, slope scale 
prediction is a necessity in the framework of landslide risk 
reduction. In this regard, prediction based on monitoring 
displacement data is generally used in practice. Displacement 
monitoring in indoor model slopes and field experiments 
using a rainfall simulator have been adopted in recent studies 
related to shallow landslide failure mechanisms and the fore- 
cast time of failure for early warning. For example, Fukuzono 
(1985) monitored the surface displacement (SD) using 
extensometers on large-scale indoor model slopes. Further- 
more, Moriwaki et al. (2004) conducted the experiments 
using a full-scale model slope by monitoring the SD with 
displacement meters. Ochiai et al. (2021) reported the moni- 
toring displacement using extensometers of a field experi- 
ment on a natural slope in the city of Futtsu, Chiba Prefecture. 

Many researchers have adopted time prediction methods 
based on monitoring the displacement of slopes (Saito 1965; 
Fukuzono 1985; Varnes 1982; Voight 1988; Crosta and 
Agliardi 2003; Rose and Hungr 2007). As mentioned 
above, the prediction method of the onset of landslide is 
based on the monitoring of slopes, which is based on the 
relationship between the time and SD of a slope before the 
failure occurs, as shown in Fig. 1. Accordingly, the time 
variation in creep behavior consists of three phases, namely, 
primary creep, secondary creep and tertiary creep. Among the 
time prediction methods adopted to date, the method pro- 
posed by Fukuzono (1985) has been widely adopted in prac- 
tice due to its simplicity and convenience of use. He proposed 
a relationship between the velocity and acceleration of SD 
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Fig. 1 Relation between time and SD of the soil before failure under 
constant stress conditions (Saito 1965) 


just before failure (for the tertiary creep stage) in a large-scale 
model slope under sprinkling water, as shown in Eq. 1. 


(1) 


where v and ż are the velocities of the SD and corresponding 
times, respectively. In addition, a and « are the experimental 
constants that result from the intercept on the vertical axis and 
gradient of the relationship line, respectively, when the veloc- 
ity and acceleration of the SD data are plotted over time 
(Fig. 2). 

Based on the above relationship, he introduced a predic- 
tion method called inverse-velocity method (INV), which 
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Fig. 2 Relationship between the velocity and acceleration of the SD 
(Fukuzono 1985) 
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was created by integrating the relationship between the veloc- 
ity and acceleration of SD by time just prior to failure (Eq. 2). 


*={a(a—1)}* (4-9 (2) 
where ft, is the predicted failure time. Fukuzono (1985) noted 
that the inverse velocity reached zero just before failure. 
Therefore, the failure time of a slope by the INV method 
could be determined by extrapolating the resultant curves to 
cross the time axis. 

The past literature reveals that many researchers have 
adopted the INV method to forecast the failure time of 
landslides and that some of them achieved precise prediction, 
while some of them did not succeed completely. For exam- 
ple, Carla et al. (2019) predicted the failure time of a natural 
rockfall by the GBInSAR method using the INV method, and 
they conveyed that the INV method gives precise results. 
Mazzanti et al. (2015) highlighted that an improved version 
of the INV method called ADF (average data Fukuzono) is 
necessary to achieve the best results. ADF incorporates the 
moving average of the displacement data over time and 
effectively minimizes the prediction error due to scattering 
of inverse-velocity values. Furthermore, Zhou et al. (2020) 
emphasized that the time prediction effectiveness using INV 
is limited for actual landslides and that accuracy can be 
improved by introducing controllable variables. He proposed 
the modified INV method, which improves the accuracy of 
the predicted failure time by avoiding earlier prediction than 
actual failure time. That report noted that the forecasting 
effectiveness of the INV methods directly depends on the 
quality of the measured displacement data. Accordingly, the 
time prediction by Fukuzono’s original INV may succeed in 
some cases but not in others because the results are widely 
affected by the quality of the measured data, as the displace- 
ment noise amplifies the resultant velocity. If the error in 
displacement data is not so considerable, the velocity varia- 
tion, which is calculated using the same displacement data, 
becomes higher. This results in causes several peak values 
with up and down variations in velocities over time before 
failure. Hence, the present study focuses on improving the 
failure prediction by minimizing the influences of the inverse 
velocity fluctuation by introducing the preprocessing of dis- 
placement data before the prediction. 


2 Methodology 
2.1 Methods for Raw Data Preprocessing 
Data preprocessing is introduced to obtain a better prediction, 


which reduces the sudden fluctuation of 1/v values by 
decreasing the effect of noise on the measured SD. Two 
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approaches called the data extraction method (DE) and 
moving average method (MA) are utilized in the present 
study. 


2.1.1 Data Extraction Method (DE) 

The DE method is carried out to determine the optimal 
displacement interval (Ax) for extracting the data to predict 
the failure time, which minimizes the scattering of 1/v values 
by avoiding the noise of the measured SD. The root mean 
square error (RMSE) and determining factor (f) values are 
used as supportive parameters to evaluate the reproducibility 
of the measured data and scattering in the relationship 
between velocity and acceleration in order to select Ax for 
the DE method. The RMSE values are calculated by Eq. 3. 


RMSE = a So (E11)? (3) 


where N is the total number of the data, F; is the measured SD 
at time t; A; is the extracted SD at time t; and (F; — Aj) 
indicates an error between the measured and extracted 
SD. Suppose there are no data at the time t; for the extracted 
data. In that case, data corresponding to t; are projected by 
considering the proportional distribution of the extracted data 
before and after time t;, as shown in Fig. 3. Generally, when 
the data extracting SD interval (ASD) is increased, the repro- 
ducibility of the measured data is decreased, and the calcu- 
lated RMSE values become larger. 

The f values measure how well the regression line fits with 
the velocity and acceleration data on a logarithmic scale 
(Fig. 2). The linear regression line was obtained using 
Microsoft Excel for the relationship between velocity and 
acceleration on a logarithmic scale utilized to get the 
f values. It expresses how much percentage of the total 
variation in acceleration (vertical axis) is described by the 
velocity variation (horizontal axis) in the relationship 
between velocity and acceleration on a logarithmic scale 
which is always between 0.0 to 1.0. A value of 1.0 indicates 
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Fig. 3 The comparison of the time variation of displacement for the 
measured SD and SD extracted in 1 mm intervals 
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Fig. 4 RMSE and (1 — f) value variation with different data extracting 
SD interval (ASD) 


a higher relationship strength. It means the lowest value of 
(1-f) gives the lowest scattering. However, calculated RMSE 
and (1-f) are not in the same range, which causes the weight 
ratio between RMSE and (1-f), is changed depending on the 
ASD. So, in the case of RMSE, though the minimum value is 
zero, the maximum value is changed by more than 1.0. In that 
case, the maximum and minimum value difference is equal to 
the one and calculate all values within the range of 0.0 to 1.0 
as normalized RMSE (RMSE). So, both values are 
normalized into the same range, 0.0 to 1.0, assigning the 
weight ratio 1:1 between RMSE and (1-f), as shown in 
Fig. 4. The ASD increases, the discrepancy between 
measured and extracted. 

data increases, and scattering in the relationship between 
the velocity and acceleration decreases. Considering the opti- 
mum displacement interval (Ax), it gives at the lowest sum- 
mation of (RMSE) and normalized (1-f), (1 — f). 


2.1.2 Moving Average (MA) Method 

The moving average inverse velocity (1/v) values (calculated 
by considering consecutive 1/v values) are used to smooth the 
time variation of 1/v in the MA method. In this regard, we 
calculate (1/v) by considering different consecutive values 
and select the best consecutive value, which gives the best 
smoothing time variation of 1/v. The (1/v) at time step, l, is 
calculated using Eq. 4. 


(TF), = (1/v), + (A/v))_ 4 +--- A/a- (4) 


n 


where n is the number of time steps, / is the present time step, 
and 1/1 is the inverse velocity value at the corresponding time 
step. As an example, when calculating the a/v) by consider- 
ing two (n = 2) I/v values, a/v is defined as the summation 
of the 1/v values at present and previous time steps divided by 
two. As shown in Fig. 5, if the disturbance of SD is not 
significant, the 1/v variation calculated using the same SD 
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Fig. 5 Time variation of the inverse velocity derived from both the 
measured 1/v and smoothed inverse velocity a~) and the SD 


becomes higher. However, the individual fluctuation is lower 
when considering (1/v), which gives a smoother curve. 


2.2 Prediction of the Failure Time 


2.2.1 Calculation of Velocity and Acceleration 
Values 

The calculation of the velocity and acceleration from the 
measured SD and time data is explained below. First, the 
velocity is defined as the SD difference between the previous 
and present time steps divided by the corresponding time step 
difference. Second, the acceleration is defined as the velocity 
difference between the previous and present time steps 
divided by the corresponding time step difference. 

2.2.2 Failure Prediction from Fukuzono’s 
Original Inverse-Velocity (INV) Method 

The INV method is based on the relationship between 1/v and 
time, which reaches zero just before failure. Therefore, the 
failure time prediction can be predicted by extrapolating 
resultant curves to cross the time axis, which is given by 
the time differentiation 1/v in Eq. 2 and some arrangement to 
produce the ratio of 1/v to the increment of the inverse 
velocity, as shown in Eq. 5. 


G)(SP)--@-ne-9 © 


The failure time can be calculated using the ratio of the 1/v to 
its increment ratio at two different times, as shown in Eq. 6, 
which is the process of the INV method initially proposed by 
Fukuzono (1985). 
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1 — 0/7) /A0/v)/dt)1 — (1/9) 2/(A/») /dt), (6) 
”  (1/v)ı/(d(1/v)/dt); — (1/¥)2/(d(/») /at), 
2.2.3 Failure Prediction from the Relationship 


Between Velocity and Acceleration (VAA) 
Method 
The failure time prediction by the VAA method can be 
derived from the rearrangement of Eq. 2 to Eq. 7. 


natty (ty (7) 


The failure time can be derived by substituting the present 
time (t) and corresponding inverse-velocity values (1/7) with 
aand a values into Eq. 7. The a and a values are derived from 
the relationship between velocity and acceleration on a loga- 
rithmic scale from linear regression analysis as shown in 
Fig. 2. 


2.3 Landslide Field Experiment on a Natural 
Slope in Futtsu, Chiba Prefecture 
2.3.1 Experimental Setups 


A landslide field experiment on a natural slope in Futtsu, 
Chiba Prefecture, was conducted on 12 December 2018 
using a rainfall simulator as requested by NHK, Nippon 
Hoso Kyokai (Japan Broadcast Corporation). The experi- 
mental site was sparsely forested with hardwoods with a 
slope of approximately 40 degrees. The ground surface was 
a smooth slope surface covered with Simon bamboo and ivy, 
and part of the lower edge of the slope had previously been 
quarried for sand. The behavior of the slope was monitored 
and filmed with multiple cameras during the main 
experiment. 

The grain size distribution of the surface soil layer is 
shown in Fig. 6. Accordingly, the majority of the soil consists 
of sand particles (75%), and the rest are silts particles (23%) 
and clay particles (2%). The mean diameter of the soil 
particles is 0.1509 mm. The physical properties of the soil 
are shown in Table 1. Accordingly, soil particle density is 
2.574 g/cm", and the minimum and maximum density of the 
soil is between 1.082 to 1.361 g/cm°. The thickness of the 
surface soil layer was approximately 1 m based on the results 
of a portable penetration test (Japanese Geotechnical Society, 
2017) using a number of blows (10 cm penetration) with a 
5 kg weight dropped from a height of 50 cm. During the 
experiment, artificial rainfall was supplied to an area 10 m 
long and 10 m wide. The pre-experiment with a precipitation 
intensity of 140 mm/h was conducted for around 1 h on 
11 December 2018 to fine-tune the distribution of the 
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Fig.6 Grain size distribution of the surface soil at the experimental site 


precipitation. A total of six extensometers at three locations 
along two survey lines were installed (Fig. 7a). 
Extensometers 1, 2, and 3 were placed on line 1 (Fig. 7b), 
and the others were placed on line 2. A detailed explanation 
of the experiment can be found in Ochiai et al. (2021). 


2.4 In-door Small-scale Model Slope 
Experiment 
2.4.1 Experimental Setups 


The data obtained from the in-door small-scale model slope 
at Kochi University was utilized in this study. Figure 8a, b 
show the lateral view and longitudinal section of the small- 
scale model slope and monitoring device arrangement, 
respectively, at Kochi University. The model was 110 cm 
and 55 cm long, respectively, in slope and horizontal sections 
with a width of 60 cm and depth of 12 cm. The model slope’s 
base plate consisted of steel blades with a height of 1 cm and 
length equal to the width of the base plate by every 20 cm 
from 10 cm to 90 cm from the upper boundary in the slope 
section and from 7.5 cm to 47 cm from the end of the lower 
boundary in the horizontal section of the model slope and 
coarse sand to prevent sliding between the soil and the base 
plate. The model slope’s dry unit weight, and upper slope 
inclination were 1.32 g/cm’, and 40 degrees, respectively. 
The experiment was carried out under sprinkling water with 
constant discharge from the rainfall simulator, and its inten- 
sity was expressed in mm/h. Accordingly, 108 mm/h rainfall 


Table 1 Physical properties of 
the natural slope in Futtsu 
experiment 


Soil particle density (g/cm?) 
Minimum density (g/cm?) 
Maximum density (g/cm°) 


Minimum void ratio of the soil, emin 
Maximum void ratio of the soil, €max 


Coefficient of uniformity 
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intensity was used for the experiment. Well-graded sand with 
fine (The Japanese Geotechnical Society, 2015) with a grain 
size distribution shown in Fig. 9 was used to prepare the 
model slope and other physical properties are shown in 
Table 2. 

The SD was measured using three displacement gauges 
fixed at the lateral boundary of the flume from the distance of 
25 cm, 55 cm, and 80 cm away from the upper boundary of 
the flume. The SD data and their corresponding time at the 
55 cm (middle) displacement gauge were utilized for the 
analysis. The displacement gauge’s capacity and resolution 
are 100 mm and 0.2 mm, respectively and data were logged 
every 10 s by a data logger. The displacement gauges are the 
SDP-100CT, strain-generating cantilever type displacement 
transducer from the Tokyo Sokki Kenkyujo Company, and 
measure the tension displacement using a hook bolt. 


3 Results 


This section presents only the results corresponding to exten- 
someter No. 5 (orange colour in Fig. 10) in the natural slope 
experiment, Futtsu, and the displacement gauge, installed at 
55 cm from the upper boundary of the model slope in the 
small-scale model slope experiment. 


3.1 Experimental Results 

A landslide occurred at field experiment on a natural slope in 
Futtsu, after 4 h and 25 min of rainfall with an intensity of 
140-300 mm/h, and the depth of the landslide was approxi- 
mately 1 m, according to Ochiai et al. (2021). Furthermore, 
Fig. 7b shows the cross-section before (black colour line) and 
after (pink colour line) failure and reveals that the failure was 
a sliding-type landslide. 

Although six extensometers were installed on the experi- 
mental slope, only Nos. 1 and 5 were within the landslide 
mass, and the others were out of the landslide area. Therefore, 
the SD measured at their corresponding times by 
extensometers Nos. | and 5 was used for the present study. 
Extensometers No. | (blue colour) and No. 5 (orange colour) 
show the movement along the surface approximately 275 mm 


2.574 
1.082 
1.361 
0.891 
1.379 
23 
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Fig. 7 (a) Front view of the 
natural slope in Futtsu and 
arrangement of displacement 
gauges, and (b) longitudinal 
section along line | at 
experimental slope at Futtsu (with 
the locations of displacement 
gauges Nos. 1, 2, and 3) 


Vertical distance (m) 


to 204 mm just before the failure (Fig. 10). Figure 11 shows 
the slope geometry after the failure. The landslide initiation 
boundary is demarcated using yellow colour dotted line and 
red color arrows showing the debris moving direction. A 
closer view of the landslide crest area shows in the upper 
left corner of Fig. 11. Ochiai et al. (2021) mentioned that the 
groundwater levels on the upper slope increased again along 
with the accelerated movements in the middle slope, which 
led to the landslide initiation. The failure was initiated after 
the 7,090 s in the in-door small-scale model slope experiment 
and it was a sliding type failure. 


3.2 Data Preprocessing 

3.2.1 Data Extraction Method (DE) 

Figure 12a, b show RMSE and (1 —f) values variation with 
the different SD intervals (ASD) in the DE method for orderly 
natural slope experiment, Futtsu, and small-scale model 
slope. In the natural slope experiment and small-scale 
model slope, recorded SD and time at failure were 
204.4 mm and 34.79 mm, and 22,680 s and 7090 s, respec- 
tively. According to the results of the DE method, 3.0 mm 
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m Extensometer location 
— Slope surface after failure 
— Initial slope surface 


(before failure) 


5 10 


15 20 25 
Horizontal distance (m) 


30 35 


and 1.0 mm SD intervals are the optimum displacement 
interval (Ax) for data extraction corresponding to the natural 
slope experiment and small-scale model slope orderly to 
failure time prediction. The analysis is carried out by 
selecting a SD interval from 0.1 mm to 1.0 mm by a 
0.1 mm difference and then a 1.0 mm interval difference 
until 10.0 mm for the natural slope experiment and a SD 
interval from 0.2 mm to 1.0 mm by a 0.1 mm difference and 
then a 1.0 mm interval difference until 5.0 mm for small-scale 
model slope. Because the accuracy of the displacement gauge 
used for the in-door small-scale model slope experiment is 
0.2 mm, 0.2 mm is used for the minimum ASD value in the 
DE process. 

Figure 12a shows that RMSE values gradually increase 
when the ASD is increased except at the 0.1 mm interval and 
3.0 mm interval. The calculated RMSE at the 3.0 mm interval 
is a similar value, 0.30, with the 2.0 mm interval. The param- 
eter (1 — f) gradually decreases as the ASD increases, but a 
small increase of less than 0.03 can be observed until 0.8 mm 
from 0.5 mm. Subsequently, the (1 — f) values suddenly drop 
until reaching 2.0 mm and then decrease smoothly. However, 
the sum of RMSE and (1 —f) shows the lowest value at 
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Fig. 8 (a) Lateral view of the model slope, (b) longitudinal section of 
the model slope and arrangement of measurement devices at Kochi 
University 


3.0 mm as 0.37. The 2.0 mm interval also shows a closer 
value, 0.38 to 3.0 mm, as the sum of RMSE and (1 — f). 
Figure 12b shows that RMSE and (1 —f) values increase 
and decrease in an orderly with increasing the ASD, but not 
gradually, and shows some up and down values. The RMSE 
values increase gradually, with a decreasing value at 0.7 mm 


and approximately similar at the nearest ASD, 0.5 mm and 
0.9 mm, with 0.6 mm and 1.0 mm, respectively. (1 —f) 


Fig. 9 Grain size distribution of 
the model slope’s soil 
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Fig. 10 The time variation of the surface displacement (SD), measured 
by extensometer Nos. 1 and 5 


values suddenly drop from 0.3 mm to 1.0 mm, while showing 
peak values at 0.6 mm and 0.8 mm. After the 1.0 mm, ASD, 
(1 — f) values show some fluctuation within the range of 0.0 
to 0.19. However, the sum of RMSE and (1 — f) values show 
the lowest value at 1 mm as 0.16. The 0.9 mm interval also 
shows a closer value, 0.17 to 1.0 mm, as the sum of RMSE 
and (1 — f). 


3.2.2 Moving Average (MA) Method 

Figure 13a, b show the time variation of 1/v and a/v), which 
is calculated by considering the different number of 
consecutives 1/v to select the best smooth time variation of 
(1/v) in the MA method for orderly natural slope experiment, 
Futtsu and in-door small-scale model slope. Accordingly, 
moving average velocities are calculated using 2, 5, 10, and 
20 consecutives (?MA, 5MA, 10MA, and 20MA). The 
results reveal that when the considered number of consecu- 
tive increases, the smoothness of the resultant time variation 
(1/v) curves is improved, especially just before the failure. 
Accordingly, the results obtained from the natural slope 
experiment (Fig. 13a) highlighted that the significant increase 
of 1/v from 19,880 s to 20,990 s and fluctuation until 


0.01 


0.1 1 10 


Particle size (mm) 
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Fig. 11 A photograph of the 
experimental slope, Futtsu after 
landslide occurred 


21,540 s, instead of decreasing causes, making a peak in the 
time variation (1/v) curve. 


3.3 Prediction of Failure Time 

In the present study, the time remaining to failure (t,-t) 
approaching zero just before failure is considered an indicator 
for failure prediction. Though the time variation of the 
predicted failure time (t,) can be used as an indicator, experi- 
mental results reveal that it increases and approaches actual 
failure time with time instead of the constant time variation of 
predicted failure time. In that scenario, the time just before 
the failure cannot be easily identified using the time variation 
of predicted failure time. In contrast, the time variation (t,-f) 
leads to a more precise prediction. 


3.3.1 Prediction Results by the INV Method 

Figure 14a, b show the failure time prediction by the INV 
method using the data processed by the DE method for the 
natural slope experiment, Futtsu and small-scale model slope 
experiments in an orderly. Figure 14a contains the time 
variation of (t,-1) by the INV method using the DE processed 
data by only the data extracting SD intervals (ASD), 0.1 mm, 


Table 2 Physical properties of 


Soil particle density (g/cm?) 
the model slope 


Maximum density (g/cm?) 
Minimum density (g/cm?) 


Minimum void ratio of the soil, emin 
Maximum void ratio of the soil, @max 


Coefficient of uniformity 


Water content of the model slope, w (%) 
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0.6 mm, 3 mm, and 10 mm for the natural slope experiment. 
It shows that the predicted (t,-t) by the INV method using DE 
data for the natural slope experiment tends to lie along the 
time axis with some up and down fluctuation in the 0.1 mm 
extracted data. However, upon comparing the results of 
higher ASD, the prediction shows the values away from the 
time axis, suggesting that when the ASD is higher, the method 
gives a later prediction. However, the prediction using the 
INV method and DE data for the natural slope experiment 
shows negative values throughout the prediction in all ASD, 
which means that the prediction results indicate that slope 
failure has already occurred during the experiment. 
Figure 14b presents the time variation of (t,-f) by the INV 
method using the DE processed data by only ASD, 0.2 mm, 
0.6 mm, 1 mm, and 5 mm for the small-scale model slope 
experiment. The predicted (t,-t) using ASD, 0.2 mm, 0.6 mm, 
and 1 mm shows similar behaviors as the natural slope 
experiment results. But the predicted (¢,-f) with the 5 mm 
interval extraction data shows a gradually decreasing trend 
with time. It used only the five SD values to predict the failure 
time from 6000 s to collapse, and among them, two values 
were negative (t,-t) just before the failure (around 6925 s and 
6978 s). 


2.651 
1.733 
1.344 
0.420 
0.833 
12.98 
3.64 
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Fig. 12 RMSE and (1 — f) values (a) 
variation with the different data 

extracting SD interval (ASD) in 1.0 
the DE method for (a) natural 
slope experiment, Futtsu, and (b) 
in-door small-scale model slope 
experiment 


Figure 15a, b show the failure time prediction by the INV 
method using the data processed by the MA method for the 
natural slope experiment, Futtsu, and small-scale model slope 
experiments in an orderly. The predictions were carried out 
using the MA method by calculating the moving average 
velocities a/v) using 2, 5, 10, and 20 consecutives, respec- 
tively, 2MA, 5MA, 10MA, and 20 MA. In this regard, the 
variation of (¢,-f) with time is the same pattern in both 
experiments. The results obtained from the INV method 
prediction, using MA data, are more scattered than those 
obtained from the DE data. However, the results from MA 
data by the INV method prediction show negative values 
throughout the prediction by the a/v) using the different 
number of consecutives. Therefore, the prediction by the INV 
method, with both DE and MA data, shows less precision 
because the results still show scattering and negative values 
just before failure. 
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3.3.2 Prediction Results by the VAA Method 

Figure 16 shows the time variation of (t,-t) by the VAA 
method from the data processed by the DE method. In 
order, Fig. 16a, b refer to the time variation of (t,-t) for the 
natural slope experiment, Futtsu, and small-scale model slope 
experiment just before the failure. The results of the natural 
slope experiment revealed that the predicted (t,-t) is generally 
decreasing and closer to zero just before failure by the data 
extracted SD interval (ASD) of 0.1 mm, 0.6 mm, 3 mm, and 
10 mm (Fig. 16a). The prediction using ASD, 0.1 mm, and 
0.6 mm show some scattering compared with the results 
obtained from 3 mm and 10 mm. The fluctuation of time 
remaining to failure (t,-t) from the ASD using 3 mm and 
10 mm intervals is minimal compared with the other 
predictions. When comparing the results from 3 mm and 
10 mm intervals, the 3 mm interval gives a better linear 
decreasing trend than the 10 mm interval. Therefore 3 mm 
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Fig. 13 Time variation of 1/v and 
a/v), for, (a) natural slope 
experiment, Futtsu, and (b) 
in-door small-scale model slope 
experiment (different number of 
consecutive velocity values, used 


for calculating (17) ; 


considering 2, 5, 10 and 

20 adjacent values are referred in 
orderly 2MA, 5MA, 10MA, and 
20MA in the MA method) 


1/v (s/mm) 


13,800 


—— measured 1/v 


(b) 


800 


600 $ 


1/v (s/mm) 


6,000 
—e— measured 1/v 


is the optimum displacement interval (Ax) for DE 
corresponding to the natural slope experiment, as it offers 
the best results for failure prediction by the VAA method. 
Figure 16b shows the time variation of (t,-t) predicted using 
ASD, 0.2 mm, 0.6 mm, 1 mm, and 5 mm, just before the 
failure. The prediction using 0.2 mm shows some negative 
predictions, which means that the slope has already collapsed 
during the experiment monitoring. The ASD, 0.6 mm, and 
5 mm predictions show relatively higher scattering than the 
1 mm. The prediction results by 1 mm show the general trend 
of decreasing with time and getting closer to zero. Therefore 
1 mm is Ax for DE, corresponding to the small-scale model 
slope experiment, as it offers the best failure prediction by the 
VAA method. 

Figure 17a, b show the time variation of (t,-t) by the VAA 
method for the data processed by the MA method in an 
orderly natural slope experiment, Futtsu, and small-scale 
model slope experiment, just before the failure. Figure 17a 
highlights that the VAA method’s prediction using the 2MA 
and 10MA processed data gives the general trend of decreas- 
ing (t,-t) while SMA and 20MA give the predicted (t,-t) with 
negative values and along the time axis, respectively. 
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However, the results obtained from the 5MA and 20MA 
show poor prediction. The predicted (t,-t) obtained from the 
small-scale model slope experiment (Fig. 17b) highlighted 
that the VAA method’s prediction using the MA method’s 
processed data gives negative predictions, even just before 
the failure, regardless of the number (n) used for calculating 
the moving average. The time variation of (t,-t) by SMA 
processed data shows a general decreasing trend just before 
the failure. 

The VAA method’s prediction using the MA shows 
decreasing trends in the latter time before the failure com- 
pared with the results of the VAA method using DE data. On 
the other hand, the results obtained from the VAA method 
using the MA show a higher scatter just before the failure, 
while the VAA method using DE gives relatively less scatter. 
Furthermore, the prediction given by the VAA method using 
MA data has uncertainty and depends on the conditions, 
which could not be ensured in every case. In the natural 
slope experiment, Futtsu revealed that the time variation of 
(t,-t) decreases only by 2MA and 10MA processed data, and 
the small-scale model slope experiment shows a decreasing 
trend of (t,-t) with time by only 20MA processed data. For 
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Fig. 14 Time variation of the 
time remaining to failure (t,-t) by 
the INV method using the data 
processed by DE method for, (a) 
natural slope experiment, Futtsu, 
and (b) in-door small-scale model 
slope experiment (0.1 mm_DE, 
0.2 mm_DE, 0.6 mm_DE, 

1 mm_DE, 3 mm_DE, 5 mm_DE, 
and 10 mm_DE represent the 
results from the DE by SD 
intervals of 0.1 mm, 0.2 mm, 

0.6 mm, 1 mm, 3 mm, 5 mm, and 
10 mm) 


(b) 
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example, if the prediction by the VAA method using 2MA 
and 10MA gives a decreasing trend, then SMA gives a poor 
prediction. Based on the present analysis, the prediction 
given by the VAA method using 10MA gives a linearly 
decreasing trend compared to 2MA with the above-explained 
complications. Therefore, the best prediction is obtained from 
the VAA method using data processed by the DE method. 
The failure time prediction made using the VAA method 
gives better results than the INV method because it utilizes 
the linear regression analysis in the relationship between 
velocity and acceleration and causes less influence from the 
individual variation of the inverse velocity values. But still, 
some scattering remained, resulting from the noise of the 
measured SD. Therefore, the data preprocessing method 
was introduced to acquire better prediction by reducing the 
effect of noise on the measured SD. The prediction using DE 
processed data gives better results than MA processed data. 
So, time prediction based on the VAA method with DE 
preprocessing data can be used to monitor the real-time data 
with better precision than others. The prediction results, the 
VAA method with DE processed data by comparing with 
other methods, leads to reduce the fluctuation of predicted 
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Failure at, 22,680 s 


—+— 0.1mm DE ——0.6 mm DE 


—e3 mm DE —*— 10 mm_DE 


Time (s) 22,000 


—+— 0.2 mm DE —%—0.6 mm DE 


—e— 1 mm DE Failure at, 7,090 s 


——5 mm _ DE 


Time (s) 7,000 


failure time and minimizes the disturbance to decreasing 
trend. It does not mean all fluctuations can be avoided, but 
it reduces and improves more than other methods. For exam- 
ple, the prediction by the VAA method using 3 mm extracted 
data for natural slope experiment, Futtsu, decreasing trend 
shows two gradients (Fig. 16a pink colour) during its general 
decreasing trend of predicted time remain to failure (t,-t) with 
time. But results are more precise than the others. 


4 Conclusions 


The present study predicted the failure time using two 
methods with different preprocessing data methods to evalu- 
ate the effectiveness of the preprocessing data methodologies 
to improve the failure prediction using field experiment data 
on a natural slope in Futtsu, Chiba Prefecture. During the 
study, the following conclusions could be drawn. 


1. The failure prediction by the VAA method using DE 
preprocessing gives the best prediction because it 
minimizes the individual velocity variation. In the process 
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Fig. 15 Time variation of the (a) 
time remaining to failure (t,-t) by 
the INV method using the data 
processed by MA method, for, (a) 
natural slope experiment, Futtsu, 
and (b) in-door small-scale model 
slope experiment 
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of DE, not only reproducibility but also equal priority is 
given to reducing the scatter in the relationship between 
velocity and acceleration. 

2. The optimal displacement interval (Ax) by the DE method 
corresponds to the smallest sum of RMSE and (1 =f), 
which gives the best prediction using the data extracted by 
the VAA method. The Ax changes depending on the 
distance moved by the landslide. Therefore, more studies 


15,000 


22,000 


Ti i 
ime (s) Failure at, 22,680 s 


——2MA —>S5MA 


—+— 10MA —>20MA 


Time (s) 7,000 


on a different scale of landslides are needed to obtain the 
relationship between Ax and the moved displacement. 


. Best smoothing of the time variation of the inverse veloc- 


ity curve is obtained from the moving average inverse 
velocities calculated by a larger number of consecutive 
inverse velocities than a small number of consecutive 
inverse velocities. However, the time prediction using 
data processed by the MA method shows poor prediction 
due to some scattering of the inverse velocity. 
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Fig. 16 Time variation of the 
time remaining to failure (¢,-t) by 
the VAA method using the data 
processed by the DE method for 
(a) natural slope experiment, 
Futtsu, and (b) in-door small-scale 
model slope experiment 
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Fig. 17 Time variation of the 
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Numerical Analysis of the Effect of Rainfall 
on the Stability of Sandstone-Covered Mudstone 


Cutting Slopes 


Ying Guo, Yating Du, Wei Shan, and Chengcheng Zhang 


Abstract 


Landslides caused by rainfall are easily produced when 
excavating is made in sandstone-covered mudstone strata. 
The expansion project of the Heishan Village to the Jixi 
section of the Dan-A Highway is used as an example, this 
International Consortium on Landslides (ICL) 030 paper 
studies the formation and damage mechanism of rainfall- 
induced landslides in sandstone-covered mudstone cutting 
slopes. The finite element numerical method is used to 
analyze the stability of the slope for the three different 
rainfall-influencing factors of rainfall intensity, duration, 
and rainfall form. The study indicates that the increases in 
the rainfall time and its intensity will decrease the stability 
of the cutting slope, and that the effect of rainfall on the 
slope is lagging behind. When rainfall intensity is 80 mm, 
rainfall duration is 1 day, and stagnation is 5 h, the slope 
instability is in the critical state. The front slope toe is the 
first unstable part in the process of slope instability. Rock 
and artificial construction are important reasons for this 
phenomenon. 


Keywords 


Sandstone mudstone - Rainfall infiltration - Road cutting 
slope - Numerical analysis 


1 Introduction 


In Northeast China, sandstone-mudstone interbedding is a 
typical stratigraphic distribution. Both sandstone and mud- 
stone are sedimentary rocks. Among them, sandstone has 
great weathering resistance and good permeability, and sur- 
face water can easily permeate it. Mudstone, on the other 
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hand, has low strength and weak permeability and is quickly 
absorbed and softened by water (Rinaldi and Casagli 1999). 
It is a slippery stratum in engineering construction. In recent 
years, the trend of summer rainfall in Northeast China 
increased (Kong et al. 2017). Due to rain erosion and temper- 
ature change, the exposed mudstone interlayer will disinte- 
grate and soften quickly. This process weakens the layer and 
reduces its strength, which causes a significant drop in the 
slope safety factor and even destabilization (Pan and Yan 
2016; Zhu et al. 2022). Therefore, the sandstone—mudstone 
interlayer’s slope stability problem has increasingly caught 
the attention of academics working in the area. 

The geotechnical structure and influencing factors are the 
two main areas of attention for studies on the stability of 
sandstone and mudstone slopes. According to Tingguo 
Peng’s (Peng 2013) analysis of the stability of mudstone 
and muddy siltstone landslides, impermeable siltstone is a 
necessary element for landslide formation, and surface water 
infiltration and rainfall both contribute to landslide deforma- 
tion. However, there is no in-depth analysis of the rainfall 
factor. By examining the structural characteristics of mud- 
stone rock, Zhenghui Tang (Tang et al. 2009) observed that 
the rate of rainfall infiltration into the rock affects the rate of 
expansive argillization, but neglected the intensity of the 
rainfall infiltration and duration. Based on the instability of 
siltstone slopes, Q. Li et al. (Li et al. 2020) hypothesized that 
slope deformation can be divided into a slow creep period 
caused by excavation and an accelerated sliding period 
caused by rainfall. Considering the three factors of rainfall 
intensity, duration, and slope gradient, Zhongming He et al. 
(He et al. 2012) found that the gradient had a bigger impact 
on the slope safety coefficient than the rainfall factor. Instead, 
Xiangi Luo (Luo et al. 2005) simulated infiltration 
characteristics and deformation damage characteristics of 
landslides under different rainfall conditions by using an 
artificial rainfall testbed. However, none of them took into 
account the impact of stratigraphic lithology on slope stabil- 
ity. Using indoor simulated rainfall experiments, Zhishui 
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Liang et al. (Liang et al. 2020) investigated the effects of 
slope angle, rainfall intensity, and vegetation coverage on 
sandstone slopes, and concluded that rainfall intensity has 
the greatest impact on slopes. Researchers, both domestically 
and internationally, agree that, according to the analysis of 
the above research, rainfall causes sandstone and mudstone 
slopes to become unstable. However, there are few studies on 
landslides caused by rainfall infiltration in sandstone-covered 
mudstone formations. Determining the crucial range of 
landslides in intricate rocks under different rainfall conditions 
is thus necessary. 

In order to further deepen the understanding of mudstone 
softening caused by rainfall infiltration, this paper takes the 
typical landslide along the Heishan Village to the Jixi section 
of the Dan-A Highway Expansion Project as an example. 
Based on extensive fieldwork and laboratory tests, the land- 
slide mechanism and instability state under different rainfall 
conditions are studied by numerical analysis. Additionally, 
the influence of different rainfall intensities and duration on 
the stability of sandstone-covered mudstone slopes is 
analyzed. Therefore, this case is used to explore the causes 
of landslides in such slopes so as to prevent landslide 
disasters better and provide a reference for highway construc- 
tion in the world’s sandstone—mudstone distribution areas. 

This article is well aligned with the title and aims of the 
new ICL book series, and contribute to the KLC 2023 Land- 
slide Commitment activities. 


2 Regions and Methods 


2.1 Study Area 

The research object of this article is the road section of the 
renovation and expansion project, which is Dan-A highway 
expansion project from Heishan village to Jixi. The geo- 
graphical location of the study area is 44°58’8” N and 130° 
42'8” E, with a height of 438.5 m, as indicated in Fig. 1. The 
study area is near the permafrost degradation zone, which 
greatly influences mudstone (Obu et al. 2019; Shan et al. 
2022). According to the survey, this road section is excavated 
by cutting with a maximum slope excavation depth of 
18.8 m. As soon as the construction was finished at the end 
of October 2019, the mudstone of the first-grade slope in the 
cutting was softened and disintegrated by water due to expo- 
sure. The degradation of permafrost causes the pores of 
mudstone to enlarge, and the mudstone softens faster when 
rain penetrates the mudstone. This process also led to the 
collapse of sandstone on the secondary slope. Subsequently, 
numerous collapses and significant landslides started to 
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happen. The maximum landslide angle of the slope is 
29.81°, and the length is 33.21 m (Fig. 2). 


2.2 Meteorology and Hydrology 

The research region is in the mid-latitude zone, and belongs 
to the middle temperate continental monsoon climate zone. 
Climate change in the seasons is considerable: the spring is 
drought and windy, the summer is hot and brief with 
concentrated rain, the fall is chilly and cooling, and the winter 
is chilly and long. The annual sunshine time is 2565 h, the 
annual average temperature is 4.2 °C, and the extreme maxi- 
mum temperature is 38 °C, the extreme minimum tempera- 
ture is —37 °C. The annual average rainfall is 540 mm, and 
the period is concentrated from June to August, accounting 
for more than 60% of annual rainfall. The average frost-free 
period is 144 days. The ground temperature is lower than 0 ° 
C for 5 months of the year, the permafrost layer is 1.5~2.0 m, 
the standard freezing depth is 2.0 m, and the maximum 
freezing depth can reach 2.2 m (Wei et al. 2011; Lu et al. 
2012). Strong sunlight and precipitation make it simple 
for the slope to be in the cycle of water saturation and 
drying crack. Strong sunlight causes mudstone to weather 
quickly and lose shear strength completely. In addition, pre- 
cipitation causes mudstone to relax and soften and changes 
the structure of it, all of which cause the slope to become 
unstable. 


2.3 Stratigraphic Lithology 

The stratum lithologic serves as the foundation for studying 
landslides. The slope is located in a low hill area with a 
complicated distribution of geologic rock layers, the terrain 
is highly undulating with the natural slope of 10~35°, and a 
relative height difference within 100 m. Based on geological 
exploration and sampling, geological survey maps were 
mapped, and the soil was drilled on the site of the study 
area. The composition of the rocks was determined through 
indoor tests. The slope is covered with Quaternary residual 
slope (Q*"), which is mainly clay mixed with clastic rock and 
gravel; the underlying bedrock is weathered sandstone, mud- 
stone, weathered conglomerate, and strongly weathered con- 
glomerate of Lower Cretaceous Muling Formation (K"™). 
Rainwater can pass through the upper sandstone layer and 
be blocked by the lower mudstone layer, creating a water-rich 
layer in the mudstone layer. The mudstone softens, breaks in 
water, and creeps towards the road, which is insufficient to 
support the force of the sandstone above. The sandstone is 
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Fig. 1 Distribution of permafrost 
in Northeast China and the project 
location of the study area 


50°0'0"N 


45°0'0"N 


National Boundary 
Provincial Boundary 
Main highway 


40°0'0"N 


Modelled permafrost zones 
Continuous permafrost (> 90% coverage) 
Discontinuous permafrost (50-90% coverage) 


287 


110°0'0"E 120°0'0"E 130°0'0"E 


Sporadicontinuous permafrost (10-50% coverage) os “a 
Isolated patches (0O—10% coverage A 


Fig. 2 Landslide of the study area 


then broken up into blocks, causing a continual collapse and 
landslide. 


3 Model Building 


3.1 Mathematical Model 

In the analysis of the seepage flow of the slope under rainfall 
conditions, the flow of rainwater in unsaturated soil and 
saturated soil below the groundwater level is a 
two-dimensional saturated—unsaturated problem. Darcy’s 
Law is still used to describe the law of saturated and unsatu- 
rated seepage. The two-dimensional saturated and 


unsaturated seepage control equation has the following 
form (Bodman and Colman 1944): 


ð Ohy | 0 Ohy | = Ohy 
a (x 32) E (x e) O= C) 


where k, and k, are the hydraulic conductivity of the soil in x 
and y directions, h,, is hydraulic pressure, Q is the boundary 
flow of the model, y, is the volumetric weight of water, and 
m,, is the slope of the soil moisture characteristic curve. x is 
the horizontal direction and y is the vertical direction in 
two-dimensional space. 

The finite element equations are solved in combination 
with the following boundary conditions. 


Head boundary: 
oh 
ZW =h 2 
Tr, TIE (2) 
Fluid boundary: 
Ohy 
a. = > yt 3 
Tr, Aeon (3) 


where n is the external normal direction of the boundary I’, 
and T>, h and q are known functions. 
The initial conditions for the non-constant seepage: 


h(x, y,0) = ho(x, y) € Q (4) 
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Fig. 3 Finite element mesh 
schematic diagram of the main 
slide’s cross-section 


3.2 Geometric Model and Physical 


Parameters 


According to the geological survey report, the main slide 
surface was selected as the calculation profile, and a 
two-dimensional geometric model of 46 m in length and 
19 m in height was established (Fig. 3). It can be separated 
into three sections, including the sliding surface (mudstone 
softened soil), sliding mass (weathered sandstone, silty clay), 
and sliding bed (mudstone). The landslide model uses 
PLANE82 elements from ANSYS Library, with 6379 nodes 
and 6218 finite elements. 

In order to study the failure mechanism of the cutting 
slope clearly, it is very necessary to conduct indoor tests on 
the soil properties of undisturbed soil samples in the study 
area. The laboratory tests include the natural moisture content 
test, the liquid limit and plastic limit test, the proportion test, 
the soil-grain size analysis test, the direct shear test, and the 
variable head permeability test. As a result, the parameters of 
the sliding zone soil model that were fitted based on engi- 
neering geological survey data and laboratory test results are 
shown in Table 1. 


Table 1 Table of calculation parameters 


Volume content of soil Specific weight of soil 


Name of the soil = (m?-m~°) (KN-m7?) 
Silty clay (with 0.44 26.3 
gravel) 

Weathered 0.41 26 
sandstone 

Mudstone 0.43 23.4 
Mudstone 0.72 24.9 


softened soil 
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21 


W/UOneAdTA 


28 24 20 16 


Horizontal Distance/m 


3.3 Boundary Conditions and Initial 


Conditions of the Model 


According to the landslide mechanism of mudstone softening 
caused by rainfall, the phreatic line is selected on the interface 
between mudstone and sliding bed in a natural state. 
According to a detailed geological survey, the groundwater 
level at the landslide is below the sliding bed, and the study 
area is a cutting slope, so the problem of the landslide is not 
related to the groundwater level. Therefore, the model 
conditions do not consider the groundwater level. In addition, 
the following boundary conditions are also established. 
Infiltration boundary: The upper boundary is the fluid 
boundary of rainfall infiltration. The pore water pressure is 
supposed to be numerically equal to the matrix suction, and 
the slope surface pressure is assumed to be atmospheric 
pressure. It is assumed that the bottom of the model is an 
impervious boundary, and the flow rate is set to zero. The 
vertical boundary of the slope model varies with the rainfall 
intensity. When the rainfall intensity is greater than the per- 
meability coefficient of the soil, the boundary is the rainfall 
intensity. Otherwise, it is the soil permeability coefficient. 


Cohesion Internal friction Saturated hydraulic 
(kPa) angle (°) conductivity (cm-s~!) 
38.101 26.2 0.35 x 10° 

20 15.1 0.05 x 10° 

5.2868 SD 0.98 x 10-4 

52.871 32.3 5.84 x 10° 
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Table 2 Rainfall design table under different working conditions 


Working condition 

Natural working condition = 
Working condition I 80 
Working condition II 80 
Working condition IN 40 
Working condition IV 80 


(1d stagnation) 


Stress boundary: The bottom of the model is fixed both 
horizontally and vertically, whereas the left and right 
boundaries are fixed horizontally and free vertically. 

In order to analyze the influence of rainfall intensity, 
duration, and stagnation time on the stability of soil slope, 
the calculation and analysis scheme is established and shown 
in Table 2. 


4 Results 


Coupling the fluid and solid stress fields during rainfall 
infiltration analysis is necessary. Geo-Studio and ANSYS 
software are combined to conduct a numerical simulation of 
landslides based on the investigation of the interaction. 
Geo-Studio is used to analyze the cutting slope stability and 
obtain the most unfavorable rainfall condition when the slope 
is damaged. The seepage field of the slope is simulated by 
using the seepage analysis module (SEEP/W) in Geo-Studio. 
Then, the pore water pressure results were imported into the 
slope stability analysis module (SLOPE/W) to calculate the 
stability coefficients of the slope under various working 
conditions. In addition, considering the deformation behavior 
of the solid under the influence of the seepage field, and the 
influence of the solid deformation on the seepage field, the 
specific weight of soil, cohesion, and the internal friction 
angle of landslide soil under different content is assigned in 
ANSYS. On the basis of the strength reduction method, 
ANSYS software is used to calculate and analyze the critical 
state and the development process of slope instability under 
rainfall infiltration. 


4.1 Slope Stability Analysis Under Natural 


Working Conditions 


The geological survey has determined that the groundwater 
level is within the sliding bed and does not pass through the 
sliding zone soil; thus, only the unsaturated state is taken into 
consideration for the slope stability of the cutting slope in its 
natural state. The Morgenstern—Price method is used to ana- 
lyze the overall stability of the slope, and the Bishop method 
is used to automatically search the local stability of the most 
unstable slip surface. The stability factors obtained by these 


Rainfall intensity (mm/d) 
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Rainfall duration (d) 


two methods are 1.350 and 1.289, respectively, which are 
stable. The front slope toe of the landslide is the first unstable 
location in the natural state. This section of the highway is an 
expansion project; serious excavation was required to meet 
the road-smoothness requirements. As a result, the location of 
the foot of the slope was influenced by the construction 
excavation, creating a local void at the foot and increasing 
the slope angle of the slide surface here. This process 
increases the local sliding force and reduces the safety stabil- 
ity coefficient. 


4.2 Slope Stability Analysis Under Different 


Rainfall Conditions 


This paper examines the impact on the stability of sandstone- 
covered mudstone cutting slopes, considering rainfall infil- 
tration from three perspectives: rainfall duration, intensity, 
and rainfall lag time. 


(1) Analysis of pore water pressure variation for different 
working conditions 


Compare the pore water pressure maps of working conditions 
I and II when the rainfall intensity is the same, but the rainfall 
duration varied (see Fig. 4). The pore water pressure contours 
and the phreatic line is basically parallel in the two 
conditions, and the distribution has a certain regularity. 
When the rate of precipitation is 80 mm/d, the rising of the 
saturation line is proportional to the rainfall duration. The 
pore water pressure change after half a day of rainfall dura- 
tion in Case I is more than after 1 day in Case II, and the 
seepage change is more noticeable in Case I than Case 
Il. When rainfall occurs, the soil moisture is low and the 
permeability is strong. As the rainfall continues, the soil 
moisture increases continuously and there is a transition 
from unsaturated to saturated soil in the sliding zone, and 
the suction of the soil to water decreases, which in turn leads 
to the permeability of Case II being smaller than that of Case 
I. The above phenomenon is consistent with the change rule 
that the unsaturated hydraulic conductivity decreases with the 
increase in soil moisture. Additionally, by comparing the 
phreatic line’s positions, it can be seen that the phreatic line 
in Condition II is higher than in Condition I, which is clearly 
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Fig. 4 Pore water pressure distribution for each working condition, where the blue dashed line is the phreatic line. (a) Working condition I; (b) 
Working condition II; (c) Working condition III; (d) Working condition IV 


affected by the total rainfall. In the layer of mudstone and 
weathered sand, rainfall infiltration makes the sliding zone 
soil transition from unsaturated to saturated. With continuous 
rainfall, the unsaturated part of the sliding zone soil 
decreases, and the negative pore water pressure decreases 
gradually. A new saturated zone is formed between sandstone 
and mudstone. 

The pore water pressure maps of working conditions II 
and III were compared, when the total amount of precipita- 
tion is the same but the intensity of the precipitation varies. 
The pore water pressure of rainfall intensity 80 mm/d varies 
more quickly than that of rainfall intensity 40 mm/d when the 
rainfall amounts are equal, but the total change value of pore 
water pressure is the reverse. In the early stage of rainfall, 
rainwater quickly fills all the voids and cracks and infiltrates 
the lower layer because the natural moisture of the surface 
soil is low. However, because of the high intensity of the 
rainfall, when the intensity exceeds the saturated hydraulic 
conductivity of the soil itself, rainwater will form runoff 
along the slope surface and will not infiltrate into the soil. 
This process corresponds to working Condition II. In Work- 
ing condition III, the rainfall intensity is low, but the duration 
is long. The rain will infiltrate the soil as time passes, increas- 
ing the saturation zone and the gravity of the slip zone soil 


and lifting the phreatic line obviously, which reduces the 
stability of the landslide in this condition. 

Compare the pore water pressure maps of Conditions II 
and IV, where the stagnation time varies, but the rainfall time 
and intensity are the same. After 1 day of rain stoppage, the 
pore water pressure on the surface of the cutting slope 
decreases significantly. The rise of the saturation line in 
working condition IV is mainly due to the one-day stagna- 
tion, which is correlated with the hydraulic conductivity of 
the soil layer in the slip zone and the creep of mudstone. 

Pore water pressure diagrams were compared under natu- 
ral and other working conditions (see Fig. 5). The height of 
the saturation line, moisture content, and soil gravity greatly 
change under the test conditions. These phenomena indicate 
that the downslide strength of sliding soil increases, and the 
anti-sliding force and slope stability decrease. It also accu- 
rately reflects the fact that rainfall is a notable consideration 
in forming the landslide. 


(2) Slope stability analysis for each working condition 
Different calculation methods obtain the stability coefficient 


of the cutting slope under different working conditions, and 
the average value of these slope stability coefficients is used 
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Fig. 5 Pore water pressure distribution in a natural state, where the blue 
dashed line is the phreatic line 


as the final reference index. Figure 6 displays the statistics of 
the slope stability coefficients. 

As shown in Fig. 6, increasing rainfall intensity causes the 
stability coefficient of slopes in the study area to trend down- 
ward for the same rainfall duration. In working condition IV, 
the stability coefficient is less than 1.05, at which point the 
slope was damaged. In order to determine the critical state of 
failure in the study area, it is necessary to analyze the defor- 
mation and damage of different time points under working 
condition IV. 


4.3 Analysis of Landslide Deformation 


and Damage in the Study Area 


Numerous researchers at home and abroad have investigated 
the combination of the strength reduction method and numer- 
ical analysis to calculate the stability coefficient of the slope 
in order to overcome the drawback that the limit equilibrium 
method cannot give the stability coefficient of slope intui- 
tively (Zienkiewicz et al. 1975; Griffiths and Lane 1999; 
Zheng et al. 2005; Cheng et al. 2007; Yuan et al. 2016). 
The strength reduction method is an analytical method devel- 
oped based on the Mohr Coulomb theory to quantitatively 
calculate the stability of geotechnical bodies using numerical 
simulation techniques. It can calculate the stability coefficient 
of slope based on the shear strength index of soil (Huang and 
Jia 2009), which is applicable to the research object of this 
paper. The principle of the strength reduction method is to 
continually reduce the rock slope’s shear strength parameter 
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Fig. 6 Statistics of stability coefficients for different working 
conditions in the study area 


and repeat the iterative calculation until the slope reaches the 
critical failure state. The reduction coefficient at this time 
represents the stability coefficient of the slope. That is the 
following: 


(5) 


p= aran ( (6) 


tan 
rs) 
The slope stability coefficient calculated by working condi- 
tion II is 1.097, while that calculated by working condition IV 
is 0.992. Rainwater infiltration by rainfall stagnation is the 
primary cause of slope instability. In order to analyze the 
critical state when the slope is unstable, the calculation and 
analysis scheme, as shown in Table 3, is established. 

The plastic strain diagrams and X-axis displacement 
diagrams of the four cases are analyzed (see Figs. 7 and 8). 

As indicated in Fig. 7, the foot of the slope experiences the 
maximal strain, and the maximum strain at the critical state of 
slope instability is 0.078. The primary cause of the strain at 
the foot is that rainfall causes the mudstone to soften and the 
strength to deteriorate. So, the stresses accumulate here. 
Secondly, the location of the foot of the slope was influenced 
by the construction excavation, creating a local void at the 


Table 3 Rainfall design table under different working conditions of rainfall stagnation 


Working condition Rainfall intensity (mm/d) 
Working condition V 80 
Working condition VI 80 
Working condition VII 40 


Working condition VIII 80 


Rainfall duration (d) Rainfall stagnation (d) 


0.4 = 
1 = 

1 0.2 
1 0.3 


eS 
0 0.078 


(c) 
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es ee 
0 0.034 


(a) 


0 0.056 


0 0.134 


(d) 


Fig. 7 Plastic strain diagrams. (a) Working condition V; (b) Working condition VI; (c) Working condition VII; (d) Working condition VIII 


foot of the slope. The local cavity increases the slope angle of 
the slide surface here, increases the local sliding force, and 
reduces the safety stability coefficient. Similarly, it can be 
seen from Fig. 7 that the critical state of slope failure is 
that the rainfall intensity of 80 mm lasts for 1 day and 
stagnates for 5 h. At this time, the plastic strain runs 
through the entire landslide zone, causing the cutting slope 
to fail. 

Figure 8 displays the maximum displacement of the 
X-axis of the slope top. Compared with the four plots, 
it can be seen that the maximum displacement decreases 
from 466.025 mm to 151.834 mm with the increase 
in rainfall, indicating that the slope is prone to local 
instability. 


5 Conclusions 


In northeast China, the sandstone-covered mudstone layer is 
a slide-prone stratum, and rainfall infiltration is the primary 
factor inducing cutting slope landslides. 

In this paper, the causes of the landslide as well as the 
characteristics and process of mudstone softening, are 
recorded and analyzed in the expansion project of the 
Heishan village to the Jixi section of the Dan-A highway. 
The landslide mechanism and instability state of the study 
area under different working conditions are studied by finite 
element numerical analysis and the following conclusions are 
drawn. 
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Fig. 8 X-direction displacement diagrams at the top of the slope, where the unit is m. (a) Working condition V; (b) Working condition VI; (c) 


Working condition VII; (d) Working condition VIII 


(1) Rainfall duration, rainfall intensity, and rainfall lag 
conditions will decrease the stability of the cutting 
slope in the study area. When the precipitation is the 
same, the duration of rainfall is positively correlated 
with the change of pore water pressure and the rise of 
phreatic line. However, rainfall intensity is negatively 
correlated with pore water pressure and phreatic line 
change. When the rainfall intensity is the same, the 
change of pore water pressure will increase with the 
extension of rainfall time, and the maximum change 
rate of pore water pressure is in the initial rainfall stage. 
In addition, the influence of rainfall on the slope has a lag 
effect, which may be related to the hydraulic conductivity 
of sliding zone soil and mudstone creep. 

(2) Itis concluded that the critical state of slope instability in 
the study area is when the rainfall intensity is 80 mm, the 
rainfall intensity is 1 day, and the stagnation is 5 h. It is 


primarily caused by rainfall intensity being greater than 
the infiltration rate and hysteresis effect. 


(3) In the slope stress analysis, the first instability is the front 


slope toe of the landslide. The maximum strain at the 
critical state of slope instability is 0.078. The first reason 
is that rainfall makes mudstone soften and strength atten- 
uate, so the stress gathers here. Second, improper exca- 
vation makes the toe of the cutting slope partly free, 
resulting in a decrease in the stability coefficient. In the 
X-direction displacement analysis at the top of the slope, 
the maximum displacement decreases with the increase 
in rainfall, indicating that the slope is easy to instability. 
In addition, with the increase in rainfall infiltration time, 
the plastic strain penetrates from the mudstone softening 
layer to the whole slip surface, which verifies that the 
mudstone is extremely easy to soften and disintegrate in 
water. 
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(4) The analysis of the influence of different rainfall factors 
on slope stability and the critical condition of slope 
instability in this study can provide an effective basis 
for landslide early warning work in sandstone—mudstone 
interbedding areas. Take the rainfall value under the 
critical condition of slope instability, as the rainfall 
threshold can effectively prevent the occurrence of such 
landslide disasters. 


The results of this paper contribute to the Kyoto Landslide 
Commitment 2023 for practical applications and the benefit 
of society to promote global understanding and reduction of 
landslide disaster risk. 
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Post-formation Behavior of Hattian Landslide Dam 
and Post-breaching Situation 


Ahsan Sattar and Kazuo Konagai 


Abstract 


The Hattain Bala landslide dam, formed by the 8th 
October 2005 earthquake, provided a rare opportunity to 
observe and quantify the changes in the body of the debris 
deposit after its formation. The authors described post- 
formation behaviors of the debris mass, breaching- 
inflicted changes of the debris mass, and upstream and 
downstream reaches in their referred publications. This 
paper summarizes the findings from the observations of 
the two referred papers and the comments on the situation 
of the landmass after almost a decade of post-breaching of 
landslide mass. 
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1 Introduction 


The October 8, 2005, Kashmir earthquake (epicenter 34°29’ 
35” N, 73°37'44” E, focal depth 26 km, 7.6 Mw (USGS)) 
caused widespread destruction in northern areas of Pakistan 
and Pakistan-administered Kashmir, killing more than 
86,000 people. The earthquake also triggered a massive land- 
slide 3.5 km upstream of Hattian-Bala town near the south- 
eastern end of the activated Balakot-Bagh fault. 

The debris deposit resulting from the landslide blocked 
two tributaries of the Karli branch of the Jhelum River, 
forming Karli Lake (the large lake) and Tang Lake (the 
small lake). This landslide dam (called the Hattian Dam) 
became a significant concern for the people living along the 
lower reaches of the Karli and the Jhelum Rivers since the 
failure of such landslide dams usually results in catastrophic 
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downstream flooding causing loss of lives, houses, and 
infrastructures. 

The Hattian Dam survived the initial overtopping because 
a spillway was excavated across the Dam’s crest as a part of 
the flood disaster mitigation strategy; however, the danger of 
catastrophic flood outbursts in the case of the dam breaching 
was eminent. Sattar et al. (2011) observed deformations/ 
erosions that had been occurring to the debris deposit since 
the debris dam was formed and estimated the potential out- 
burst flood in case of breaching of the landslide dam. The 
simulated scenario of the flood water outburst indicated that 
about 40 buildings along the right bank of the Karli River, 
bounded by the Karli River on the west side and by the main 
road on the east side, were potentially in high-risk locations. 

The Dam sustained over about 4 years and 4 months, and 
finally, the water of Karli Lake breached the northwestern 
part of the Dam on February 9th, 2010, following a continu- 
ous 5-day rainfall. As predicted earlier, the flood water 
engulfed many houses in Hattian Bala along the right bank 
of the Karli River, swallowing a boy. However, it could have 
been worse unless residents evacuated quickly. 

Later, the water of Tang Lake also breached the northeast- 
ern lobe of the Dam during the monsoon rains from July to 
August 2010. 

It was less likely that a flood of the same scale would 
occur again and cause any hazard for the downstream reach 
of Karli valley because a bedrock, which appeared on the 
scoured bottom of the breach channel, was not likely to be 
eroded any further. However, the remaining mass of the 
Hattian Bala landslide dam and its vicinity were not entirely 
out of danger after the breaching of the Dam. 

This paper reviews the findings from the authors’ 
observations conducted before and after the dam failure 
reported by Sattar et al. (2011) and Konagai and Sattar 
(2011), and the post-breaching behavior of the landslide dam. 
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2 Features of Debris Deposit 


The surface rupture that caused the 2005 earthquake was 
along the preexisting active faults or fault segments, collec- 
tively called the Balakot-Bagh fault. The Hattian-Bala land- 
slide dam lies near the southern end of the Balakot-Bagh fault 
at approximately 33 km southeast of Muzaffarabad, the capi- 
tal and largest city of Azad Kashmir, and 3.4 km from the 
fault (Fig. 1). Sattar et al. (2011) summarized the seismologi- 
cal and geological aspects of the region. 


Fig. 1 (a) Map of Hattian area 
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About 65 million m°? of Hattian landslide mass originating 
from Dana hill ran down the valley slope and deposited its 
final volume of 85 million m° along the Karli River. Imme- 
diately after the earthquake, the water levels in the lakes 
started to rise; therefore, a spillway was constructed across 
the Dam’s crest as a disaster mitigation measure against the 
potential breaching of the Dam. The water level in Karli Lake 
reached the maximum invert level (approx. 1354 m elevation 
above mean sea level, AMSL hereafter) of the artificial spill- 
way in April 2007 and started spilling over. The 18 m deep 


showing the source area of Hattian 


landslide mass, Hattian landslide À To Muzaffarabad 


dam, Karli Lake and Tang Lake 
with their catchment areas, 
approximate location of the active 
Balakot-Bagh fault and the main 
tributaries of the Karli River and 
Jhelum River. (b) Quick bird 
image (27/10/2005) of the Hattian 
dam Konagai and Sattar (2011) 
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Fig. 2 Discharge data from WAPDA (2006) 


excavation of the spillway limited the maximum storage 
capacity of Karli Lake to 62 million m° from its initial 
86 million m°? corresponding to the natural overtopping 
level, considerably reducing the possible flood magnitude in 
the case of breaching of the Dam. About 5 million m? of 
water was impounded in Tang Lake. 

The Water and Power Development Authority of Pakistan 
(WAPDA) monitored the landslide dam after its formation. 
Figure 2 shows the measured inflow of the large lake, the 
small lake, and seepage through the landslide mass from 
December 2005 till June 2006, and Fig. 3 shows the water 
levels in the Small and the large lakes measured during the 
same time (WAPDA 2006). From the measured water levels 
and seepage through the landslide mass, Sattar et al. 2011 
concluded that the surface part of the dam body was perme- 
able, while the deeper part of the debris deposit was imper- 
meable. It was a distinctive nature of the landslide dam body 
that larger rocks gathered along shallower and toe parts of the 
dam body. The small lake reached its maximum capacity of 
5 million m° at the end of February 2006. The water level in 
the small lake decreased gradually after April 21st, even 
though the inflows to the lakes were constant, indicating 
that the interior of the debris deposit in front of the small 
lake had developed some piping erosion. The monitoring 
regime initiated by WAPDA ended after the water levels in 
the lakes were observed to be stable. The rock/earth wall 
lining the spillway extended only a short distance over the 
crest. Nonetheless, monitoring the dam site attracted less 
attention as the spillway performed well, and no immediate 
threat was imminent. Beyond the end of the spillway, the 
water flowed naturally over the body of the landslide mass. 

Gradual toe erosion was observed from November 2008 to 
June 2009 (Fig. 3). A significant retrogressive erosion devel- 
oped about 300 m through the toe slope at some indetermi- 
nate time. Sattar et al. (2011) inferred from the observations 
that the retrogressive erosion developed because of an 
extreme rainfall event during the off-monsoonal dry season. 
Sattar et al. (2011) attributed the accelerated slaking of dried 
mud rocks of the debris mass to the observed backward 
erosion. 
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Fig. 3 Water levels of lakes measured from December 2005 till June 
2006 (WAPDA 2006) 


3 Observation of Changes to the Debris 
Deposit 


Sattar et al. (2011) and Konagai and Sattar (2011) initiated a 
measurement regime to quantify the changes occurring in the 
landslide mass after its formation. Differential global posi- 
tioning system (DGPS) measurements and laser scanning 
were included in the various techniques for quantifying 
deformations. The backward erosion mentioned above, 
which occurred somewhere between November 2008 to 
June 2009, resulted in the loss of approximately 65,000 m° 
of soil mass from the downstream slope of the landslide dam 
(Fig. 4). This event raised concerns about the potential risk of 
breaching. The DGPS measurements conducted over a 
6 months interval (June 2009—November 2009) showed that 
the crest zone of the Dam settled by order of 100 mm and the 
zone near the head of the eroded gulch was uplifted by a few 
millimeters (Sattar et al. 2011). Figure 5 shows the settlement 
observed during the period starting from June 2009 till 
November 2009. The settlements were observed to be 
greatest (up to 100 mm) along where the thickness of the 
debris deposit was greater, i.e. towards the eastern side of the 
deposit. 

Meanwhile, gradual changes were being observed along 
the northeastern lobe of the debris deposit, where the water 
from Tang Lake was seeping into the deposit of large 
segregated boulders and was emerging at some distances 
downstream. With time, there was a growing suspicion that 
pipes were being developed in the interior of the debris mass, 
as indicated by the gradual surface deformations observed 
over the surface of the deposit (Fig. 6). 


4 Dam Break Analysis Prediction by Sattar 
et al. (2011) 


In order to evaluate the inundation level of the flood wave 
from a breach of the Dam, Sattar et al. (2011) carried out a 
dam break analysis. The simulation was based on a down- 
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Fig. 4 Retrogressive erosion of debris mass (till Nov 2009) leading to development of erosion gully (June 2009) 


cutting rate varying from a minimum of 10 m/h and a maxi- 
mum of 100 m/h. The digital elevation model (DEM) used 
for the simulation was extracted from Shuttle Radar Topog- 
raphy Mission SRTM digital data, which covered the region 
from Hattian to Muzaffarabad city. 

A two-dimensional flood routing model by O’Brien et al. 
(1993), Flo-2D, was used by Sattar et al. (2011) for inunda- 
tion modeling of the dam breach scenario of the Hattian 
landslide dam. Flo-2d is a volume conservation model, and 
its constitutive fluid equations include the continuity equation 
and dynamic wave momentum equation (Saint Venant 
equations). 


E (1) 


1 QV, , Vz OV, öh 
Porte of ee (2) 


where, ‘h’ is the flow depth, ‘V,’ is the depth-averaged 
velocity component and ‘i’ is the excess rainfall intensity, 
‘Sg is the friction slope based on Manning’s equation, ‘Sox 
is the bed slope, and ‘g’ is the acceleration due to gravity. 
The solution domain is discretized into uniform, square 
grid elements. The differential form of the continuity and 
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Fig. 5 Settlements obtained by comparing DGPS data for June 2009 
and November 2009 surveys. The perimeter of the erosion channel 
observed in June 2009 and November 2009 is marked near the toe of 
the debris mass (Sattar et al. 2011) 


momentum equations are solved with a central finite differ- 
ence numerical scheme which solves the momentum equa- 
tion for the flow velocity across the grid element boundary 
one element at a time. The incremental discharge for a grid 
element at a time step and the corresponding increase in flow 
depth are computed using the velocity components of the grid 
element. 

The breach outflow hydrograph at the toe of Hattian dam 
for 100 m/h, 50 m/h, and 10 m/h down-cutting rate showed a 
peak outflow discharge of 13,830 mĉ/s, 5200 mĉ/s, and 
700 m*/s, respectively. 
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Fig. 6 View of the path of water flowing from the Tang Lake. The 
surface change can be observed between November 2006 (left) and June 
2008 (middle). While the right most figure shows the breach channel 
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The maximum flow depth at the confluence of the Karli 
branch and the Jhelum River (about 3 km downstream of the 
dam) was estimated to be 22 m (Fig. 7); however, the flow 
remained confined within the valley. Potentially hazardous 
low-elevation locations along the Jhelum River possessing a 
significant number of buildings were identified based on 
simulation. 

The simulation also demonstrates that the flood wave 
significantly attenuates along the Jhelum River when it 
reaches the main city of Muzaffarabad, 33 km downstream 
from the landslide. The simulation result was reported to the 
State Earthquake Reconstruction and Rehabilitation Agency 
(SERRA), Azad Government of the State of Jammu & 
Kashmir, on June 13, 2009, about 8 months before the 
breaching. 


5 Failure of Karli Lake and Tang Lake 


After 5 days of continuous rains in early February 2010, the 
water of Karli Lake breached the debris dam on February 
9, 2010. This breaching drained about 36 million m° of water 
from the lake, leaving 26 million m’ in the lake. The erosion 
stopped after the bedrock was exposed at the scoured bottom 
of the breach channel (Fig. 8). Using the laser scanning 
technique, we estimated that about 7.78 million m° of soil 
was eroded during the breaching event. The flushed debris 
mass was deposited along the Karli River (Fig. 9). The 
thickness of the debris deposit was estimated to be up to 
80 m close to the toe of the Dam and generally about 
15-20 m along the 3.7 km reach of the river till it merges 
with the Jhelum River at Hattian village. 

The TRMM-data-based estimate showed several-day con- 
tinuous precipitation in early February, immediately before 
the breaching of Karli Lake. An assessment of the rainfall 
indicated a peak value of 32 mm/day on February 8", 1 day 
before breaching. However, several facts negated the possi- 
bility of breaching the Dam solely because of the rainfall. 


Breach - channel in, 
front of Tang lake 


a 8th Dec 2010 


formed in front of Tang Lake. Photo points are approximately 
N34.1420°, E73.7347° for the left and middle and N34.1427° 
E73.7326° for the right 
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Fig. 7 Google image® of Hattian-Bala district overlain by maximum flow depth contours (in ‘meters’) of dam breach simulation by Sattar et al. 
Close-up of potentially hazardous locations along the Jhelum river with significant number of structures are shown 


These facts included that the mountain slopes around Hattian 
Dam were covered with snow when the breaching occurred 
(Fig. 10), suggesting that only a part of this precipitation may 
have flowed into the lake. During the authors’ survey after the 
breaching, we saw a landslide mass deposited on the right 
bank of the emptied large lake. So, among the possible 
scenarios discussed was the rising lake water level due to 
the plunging of the unstable landmass into the lake. However, 
as will be discussed later, such a scenario for the dam 
breaching was not possible, considering the observations of 
the eyewitnesses of the event and the post-breaching 
photographs. 

We examined the maximum flood levels during the 
breaching event by measuring the elevations of the flood 
marks visible along the downstream reach of the river. It 
turned out that the peak outflow discharge of 5500 m/s at a 
down-cutting rate of 25 m/h best fits the measured flow 
depths and flow velocities along the Karli River (Fig. 11). 
As Sattar et al. ( ) predicted earlier, the flood water 
engulfed many houses in Hattian Bala along the right bank 


of the Karli River, swallowing a boy. However, it could have 
been worse unless residents evacuated quickly. 

The monsoon rains in late July 2010 caused a mega-flood 
in Pakistan, and the flood is considered the worst in the 
region’s record. Intensive rainfall was observed in 
Muzaffarabad and surrounding areas, including Hattian 
Bala. Continuous rain reportedly caused extensive landslides 
along the Neelum valley, and to a lesser extent, along the 
Jhelum valley. The Tang Lake (smaller lake) breached 
(Fig. 12) during the days of the most intensive monsoon 
rains of 2010 (July 27 to August 1); however, the exact day 
of the breaching remains unknown. The TRMM data 
indicated a peak rainfall rate of 105 mm/day for July 
30 which could have been when Tang Lake breached. In 
the breaching process, the water from Tang Lake eroded the 
northeastern end of the landslide lobe, which had been cov- 
ered with boulders segregated up at the time of deposit. The 
top 15 m depth of the lake water was drained during the 
breaching event leaving behind about 1.9 million m° of water 
in the lake. As mentioned earlier, piping is considered to have 


Post-formation Behavior of Hattian Landslide Dam and Post-breaching Situation 


305 


(b) 


Fig. 8 (a) Front view of Hattian landslide dam, before and after failure, (b) Front view of the dam immediately after breaching (Konagai and Sattar 


2011) 


been developed in the interior of the debris deposit in front of 
Tang Lake. 

It is inferred that the breaching process started as a back- 
ward erosion piping. The down-cutting rate of Tang Lake 
could have been slow because the boulders which were 
present along the water path were carried downstream with- 
out extensive crushing, differing from what we observed in 
the event of the Karli Lake failure. The slow down-cutting 
rate of Tang Lake can be attributed to the armoring effect 
provided by the surface boulder layer. No clear floodwater 
marks were found for this event, probably because the flood- 
water discharge was much smaller than Karli Lake’s 
discharge. 


6 Discussions 
The landslide mass damming Karli Lake failed after a rain/ 


snowfall runoff in early February 2010. It remains to be 
clarified how the moderate precipitation caused the 


breaching, as the debris dam had survived much heavier 
rainfall before its failure. A possible mechanism that caused 
the breaching can be explained by considering the weak 
weathering resistance of the debris material. The debris 
originated from the Murree formation of Miocene-aged sedi- 
mentary rocks composed of reddish mudstones, shales, and 
greyish sandstones. The effect of weathering on the 
mudstones had been observed at various locations over the 
dam body, where mudstone boulders were slaked and 
reduced to fragments. Reddish watermarks found occasion- 
ally along waters seeping out of the dam body indicated that 
internal seepage flows had washed finer substances out. 

The Hattian area experiences extreme weather conditions 
during summer and winter along with the monsoon season 
with heavy rainfalls, setting ideal conditions for wetting and 
drying cycles on the slaking process. Signs of a deteriorating 
dam body were continuously observed with the gradual sur- 
face deformations and later with the sudden detachment of a 
significant amount of soil from the Dam’s downstream face, 
as discussed above. In February 2010, relatively moderate 
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Fig. 9 Partially breached Hattian dam and debris deposit along the 
Karli River. (Photo taken on sixth June 2010 at N 34.156567°, E 
73.744833°) 


Fig. 10 Right bank slope (a) On 
20/08/2008, before the breaching 
event (b) One day after the 
breaching event showing snow 
covered slope and mark of the 
water level of Karli Lake before 
breaching event 


(a) Toe part of the landslide mass before breaching 


(b) Toe part of the landslide mass after breaching 
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precipitation extended for 5 days in the Hattian catchment, 
followed by dry and clear days in February. It thus may have 
accelerated the slaking process in a way that even moderate 
waters flowing over and seeping through the debris mass 
significantly accelerated backward erosion. Kiyota et al. 
(2011) discussed the slakable nature of the dam material 
through standard slaking tests and advanced unconventional 
direct shear tests on prepared soil specimens retrieved from 
the remaining dam body. 

As mentioned earlier, we found a landslide mass deposited 
on the right bank of the emptied large lake during the post- 
event survey. According to eyewitness accounts, the 
breaching of the landslide mass triggered this large landslide, 
and the mass movement continued for 2 weeks after the 
breaching event. This coherent landslide mass was about 
1000 m long in the runout direction and 800 m wide 
(as indicated by red arrows on the right bank of Karli Lake 
in Fig. 13). The landslide destroyed 174 houses and displaced 
about 1000 residents, making it more extensive damage than 
the one directly caused by flooding. 

As contrasted with the Karli Lake failure, the Tang Lake 
failure did not produce any significant flood wave; indeed, it 
was not until the authors reported it that many residents at 
Hattian Bala knew that Tang Lake had failed. Perhaps, it is 
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Fig. 11 (a) Flood inundation heights along the Karli River. (b) Houses affected by the debris originating from the Hattian dam. (c) Flow velocities 
estimated from super-elevations of the measured mud marks near the junction of Karli River and Jhelum River 


because the emptied water (1.6 million m°) was much smaller It was less likely that a flood of the same scale would 
than that from Karli Lake, and the lobe of the debris mass that occur again and cause any hazard for the downstream reach 
had been stopping the water of Tang Lake was covered thick of Karli Valley because a bedrock, which appeared on the 
with segregated boulders. scoured bottom of the breach channel, was not likely to be 
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Fig. 12 Tang lake after breaching (Photo taken on 6th Dec-2010) GPS coordinates N34.13951° E73.73631° 


308 


A. Sattar and K. Konagai 


Fig. 13 Google earth® image of the Hattian Bala dam after breaching 
of the dam and serval years post breaching. Red arrows and the yellow 
line across the dam body indicate the channel’s alignment over the dam 


eroded any further. However, the exposed bare walls of the 
remaining Hattian Bala landslide dam were not completely 
stable. Any collapses of the walls would clog up the breached 
channel and increase the lake volume at any time (in an 
earthquake, heavy rainfall, or otherwise). Konagai and Sattar 
(2011) discussed possible scenarios for these landslides and 
their impacts. They also reported post-breaching landform 
changes. These included: 


— the erosion of materials from the debris deposit and raising 
of the river bed level at downstream river reach; 

— the hazard posed by the unstable landslide mass at the 
right bank of Karli Lake; 


Figure 13 compares the Google Earth” image of the Hattian 
Bala landslide dam after the breach (May 2011) and a more 
recent image of the area (April 2018). The unstable landslide 
mass at the right bank of Karli Lake showed no clear sign of 
movement, as apparent from Fig. 13. The gorge formed over 
the landslide mass body by the overflowing water seems to 
have slightly changed its course towards the east, as indicated 
in Fig. 13. Some changes to the landmass near the toe of the 
landslide mass also appear insignificant. Beyond the toe of 
the landslide mass, the overflowing water changed its course 
over time. 

The changes observed over seven post-breaching years are 
relatively insignificant, and the landslide mass appears stable 
and does not pose an imminent danger. 


7 Summary 
The October 8, 2005, Mw 7.5 Kashmir earthquake triggered a 


massive landslide 3.5 km upstream of Hattian-Bala town near 
the southeastern end of the activated Balakot-Bagh fault. The 


body as of May 2011, and the channel alignment as of April 2018 is 
visible in the figure on the right. Red arrows along the right bank of Karli 
Lake indicate the coherent landslide mass in both figures 


debris deposit resulting from the landslide blocked two 
tributaries of the Karli branch of the Jhelum River, forming 
Karli Lake (the large lake) and Tang Lake (the small lake). 
The Dam sustained over about 4 years and 4 months, and 
finally, the water of Karli Lake (large lake) of Hattian dam 
breached the northwestern part of the landslide dam on 
February 9th, 2010, after 5 days of rains/snowfalls, and the 
water of Tang Lake (small lake) breached the northeastern 
lobe of debris deposit during the monsoon rains of July— 
August, 2010. Until the failure of Karli Lake, the landslide 
dam had long been a severe threat to people living along the 
lower reach of the Jhelum River, and the authors had been 
conducting periodic observations and measurements of 
changes occurring in the landslide mass since the authors’ 
project started in 2008. The landslide mass started to show 
more evident signs of gradual deformations/erosions after the 
overflow started through the spillway, which was excavated 
to secure the safety of the debris deposit against possible 
failure of the Karli Lake. Evidence of weathering (slaking) 
of the mudstones of Murree formation was observed over the 
boulder-strewn landslide dam. The most significant change 
observed in the dam body before the failure of Karli Lake was 
a sudden erosion of an approximately 65,000 mî soil mass 
from the downstream slope of the landslide dam during 
heavy rainfall in 2009. The rainfall estimate over the Hattian 
catchment area indicates that the precipitation of February 
2010 that caused the breaching was less significant than the 
other heavy rainfalls that the area had experienced since the 
overflowing from Karli Lake started in April 2007. The 
breaching was most likely due to the slaking process devel- 
oped during relatively moderate precipitation in the Hattian 
catchment, followed by dry and clear days in February, as 
suggested by Kiyota et al. (2011). 

Sattar et al. (2011) estimated that the maximum flow depth 
at about 3 km downstream of the dam was 22 m and reported 
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it to the State Earthquake Reconstruction & Rehabilitation 
Agency (SERRA), Azad Government of the State of Jammu 
& Kashmir, on June 13th, 2009, about 8 months before the 
breaching. As predicted, the flood water from the breached 
dam engulfed many houses in Hattian Bala along the right 
bank of the Karli River, swallowing a boy. However, it could 
have been worse unless residents evacuated quickly. 
Landslide dams not only pose flood hazards or the 
associated landmass movements, but these debris deposits 
can also become an issue for the sustainability of any project 
on the major rivers if the landmass is relatively large. One 
example is the Attabad landslide dam blocking the Indus 
River at its upstream reach. It is to be noted that the Indus 
cascade, a big project in which the first author is involved, is 
currently under development in Pakistan. i.e., the cascade of 
dams, namely the Basha dam, Dasu dam, Patan dam, and 
Thakot dam; they are all located downstream of the Attabad 
landslide dam. Safe passage of the flood generated by 
breaching the landslide dam becomes a critical design con- 
sideration for these dams. A breaching scenario of the 
Attabad Dam thus forms the basis for the safety check floods 
for these dams. From the perspective of the sustainability of 
the under-construction hydropower projects, more minor 
landslides and debris flows associated with monsoon are 
also an important aspect that requires attention. According 
to estimates (Roca 2012), about 200 million tons of 
sediments are transported to the Terbela dam reservoir annu- 
ally. Apart from the glacial melts, a portion of the source of 
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sediments is the landslides and debris flow in Nallas during 
the monsoon, which eventually is transported as bed load and 
suspended sediments in the Indus River. The Indus cascade 
development must cope with the transported sediments to 
sustain the reservoirs. 
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Abstract 


Debris flows are catastrophic landslides increasing in 
severity in recent decades due to the more frequent and 
intense rainfall events under climate change. Debris flows 
pose a serious threat to infrastructure, settlements, and the 
natural environment in mountainous regions around the 
world causing considerable economic losses every year. 
To mitigate debris flows, single and multiple rigid and 
flexible barriers are constructed along the predicted debris 
flow paths. Compared with single barriers, multiple 
barriers are more advantageous in mitigating large debris 
flow volumes by progressively retaining and decelerating 
the flow with much smaller barrier sizes. These smaller 
barriers are not only easier to construct on steep hillslopes 
but also reduce the carbon footprint compared to large 
single barriers. However, current understanding of debris 
flow impact mechanisms on single and multiple barriers is 
limited due to the complex composition and scale- 
dependent nature of debris flow. The need of using differ- 
ent barrier configurations further adds to this complexity 
and the impact mechanisms of debris flow against single 
and multiple barriers are yet to be elucidated, thereby 
hindering the development of scientific design guidelines. 
This paper examines the impact mechanisms of water, dry 
granular and two-phase debris flows on barriers of varying 
stiffness, openings and numbers based on physical and 
numerical results, and provides recommendations for 
design of debris-resisting single and multiple barriers. 
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1 Introduction 


Debris flows are fast-moving mixtures of rock, soil, water, 
and other debris, classified as flow-like landslides (Hungr 
et al. 2014), which can cause significant damage to infrastruc- 
ture and casualties (Froude and Petley 2018). In recent years, 
changes in rainfall patterns due to climate change have 
brought more frequent and intense rainfall events with an 
increase in the number and severity of landslides including 
debris flows (Guzzetti et al. 2008; Ng et al. 2021d). Urban 
sprawl in hilly and mountainous areas are expected to face 
increased risk of landslides due to climate change (Ozturk 
et al. 2022; Yik et al. 2023). Between 2000 and 2019, 
landslides have resulted in 11% of all recorded fatalities 
from natural disasters with more than 70% of these fatalities 
occurring in Asia (Guha-Sapir 2020). Similarly, average eco- 
nomic losses due to landslides is US$3.5 billion every year 
(World Bank 2022) and is expected to increase due to climate 
change. 

Debris-resisting barriers are commonly installed to retard 
and intercept debris flows from reaching further downstream. 
Design of these structures requires a reliable estimate of 
impact load as well as dimensions of openings or clearances 
(if any) for controlled discharge of debris flows. Current 
design guidelines only consider the barrier type (rigid or 
flexible) in their recommendations for estimating design 
impact force (GEO 2022; Kwan and Cheung 2012; ASI 
2013; Volkwein 2014). For simplicity these guidelines pre- 
scribe empirical coefficients to consider the effects of flow 
composition, particle size, size of openings/basal clearances, 
barrier stiffness and flow-barrier interaction mechanisms on a 
single barrier impact force. Furthermore, the retention capac- 
ity of a single barrier may not be sufficient to arrest large 
debris flow volumes and require multiple barriers to be 
installed in a series along a drainage line to progressively 
impede and arrest debris flow (Huebl and Fiebiger 2005). 
Existing guidelines (SWCB 2019; VanDine 1996) which 
focus on volume retention suggest spacing between multiple 
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barriers without considering flow-barrier interaction 
mechanisms. As a step forward, recent design 


recommendations (Ng et al. 2020a; Wendeler et al. 2019) 
and design guidelines (GEO 2022; Kwan and Cheung 2012) 
recommend a layer-by-layer filling of the barrier and 
subsequent overtopping of the barrier in design calculations 
by simplifying the fundamental impact mechanisms. How- 
ever, the reliability of these recommendations remains poorly 
understood. Current understanding of flow-barrier interaction 
is limited because (1) debris flow impact on barriers are rarely 
captured in the field with enough resolution to elucidate 
underlying mechanisms (Takahashi 2014) (2) debris flows 
are scale-dependent and require unique facilities to correctly 
model the flow dynamics (Iverson 2015; Zhou and Ng 2010) 
and (3) impact dynamics of debris flows on barriers strongly 
depends on flow composition (Choi et al. 2015; Ng et al. 
2017, 2022a; Song et al. 2017, 2018) and barrier types (Choi 
et al. 2016, 2020; Goodwin and Choi 2020; Ng et al. 2020b, 
2022b). 

In this chapter, the dynamics of debris flows and the 
interaction mechanisms of debris flow with different types 
of barriers are presented. The impact mechanisms of water, 
dry granular and two-phase debris flows on barriers of vary- 
ing stiffness, openings and numbers are elucidated using 
results from physical experiments and numerical simulations. 
Physical experiments were conducted in multi-scale facilities 
including 5-m long flume and 28-m long flume. Numerical 
analyses revealed additional insights into the underlying 
impact mechanisms including evolution of granular shear 


strains and fluidisation of two-phase debris. Finally, 
improved understandings of flow-barrier interaction 
mechanisms from this study are consolidated into 


recommendations for design impact loads on single and 
multiple debris-resisting barriers. 


2 Understanding Debris Flow-Barrier 
Interaction Mechanisms 

2.1 Preventive Measures Against Debris Flow 

Debris flow mitigation measures can be broadly classified 
into active and passive measures. Active measures focus on 
the construction of structures for flow energy dissipation, 
flow retention and reduction of potential risk to communities. 
Passive measures include risk assessment, risk monitoring 
and land use zoning to reduce exposure to debris flow 
hazards. This chapter focuses on the study of active 
measures, specifically, debris-resisting barriers, which can 
be broadly categorised as closed and open barriers. Closed 
barriers intercept the entire flow material preventing down- 
stream discharge until the barrier is overtopped. Closed 
barriers typically include closed check dams and terminal 
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Fig. 1 Debris resisting reinforced concrete terminal barrier (modified 
from Ng et al. 2020a) 


barriers made of reinforced concrete that are constructed at 
the end of debris flow channels to retain the debris materials. 
These terminal rigid barriers are designed for large forces and 
for a long service life (Fig. 1). 

In contrast, open barriers can allow controlled discharge of 
flow material through openings in the barrier, efficient dissi- 
pation of flow energy and partial retention of debris material. 
Open barriers include open check dams, rigid barriers with 
basal clearance (Choi et al. 2020), slit dams (Piton and 
Recking 2016), baffle arrays (Ng et al. 2015) and flexible 
barriers (Wendeler et al. 2007). Interaction mechanisms 
between debris flow and different types of barriers vary and 
need prior understanding for an effective design. The interac- 
tion mechanisms of debris flow with closed and open rigid 
barriers, flexible barriers and multiple barriers are 
elaborated next. 


2.2 Debris Flow Analysis and Modelling 
Figure 2 shows a strategy for analysis and modelling of 
debris flow impact on barriers. Modelling technique refers 
to tools that can be used to fulfil the specific objective of the 
study. Flow-barrier interaction can be modelled (1) analyti- 
cally by defining simplified formulations of debris flow 
behaviour and its interactions with a barrier, (2) physically 
by using geotechnical centrifuge, laboratory or field-scale 
flume tests with well-defined initial and boundary conditions, 
and (3) numerically by using calibrated numerical models, 
which can provide insight into underlying physical 
mechanisms that cannot be observed in physical models/ 
tests such as evolution of stresses and strains within the 
debris material. 

To successfully derive analytical solutions for flow-barrier 
interaction problems, many assumptions about debris flow 
theology (frictional, viscous, or two-phase mixture), debris 
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Fig. 2 A research strategy used 
in analysis and modelling of 
debris flow impact on barriers 


flow regimes (uniform, steady, incompressible) and barrier 
stiffness (flexible or rigid) are required. While these 
simplifying assumptions may yield meaningful results for 
simple flow materials like water or dry granular flow 
impacting on rigid barriers, the validity of analytical solution 
(if any) for two-phase debris flow impact on flexible barrier is 
questionable (Ng et al. 2023b). Numerical modelling relaxes 
some of the assumptions of analytical models. While numer- 
ical modelling of different barrier rigidities may be trivial 
(Ng et al. 2020b), the same cannot be said about debris flow 
rheology. Constitutive modelling for capturing debris flow 
rheology is a challenging task due to the complexities 
involved in defining the physical interactions between solid 
and fluid phases (Ng et al. 2023a). Nevertheless, with the 
help of physical experiments, numerical models can be 
calibrated to reasonably capture the dynamics of debris 
flows despite some assumptions in the constitutive models. 
These calibrated numerical models can be utilised for 
parametric study to reveal how the stresses and strains evolve 
inside debris flow during impact against different kinds of 
barriers giving rise to different impact mechanisms. Ulti- 
mately, the results from physical experiments as well as 
numerical parametric studies are used to produce design 
guidelines for debris resisting barriers. 

Depending on the barrier type (open vs closed), flow 
material is either completely intercepted or partially 
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(1) Modelling technique 


(3) Barrier types 


discharged through openings or allowed to overflow once 
the barrier is filled. If a barrier is designed to allow overflow, 
then instead of designing a single barrier, multiple barriers 
can be designed iteratively as a system. Such a multiple 
barrier system requires consideration of overflow and landing 
dynamics as well as volume retention by upstream barriers 
during design. These salient features of flow-barrier impact 
mechanisms are explored in detail in the next section. 


2.3 Preventive Measures Against Debris Flow 

2.3.1 Debris Flow Interaction with Single 
Barriers 

2.3.1.1 Influence of Flow Composition 


Dry granular and water flows are the two most extreme types 
of geophysical flows, the former governed primarily by fric- 
tional forces and the latter by viscous forces. The influence of 
these two extreme flow types is firstly discussed to reveal 
some fundamental impact mechanisms, followed by the 
effect of two-phase flows in impact mechanism. 

Figure 3 shows a comparison of the impact kinematics of 
dry granular and water flows impacting against a single rigid 
barrier perpendicular to the ground plane (Choi et al. 2015). 
The tests were carried out in two different scales: (1) a 5 m- 
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Fig. 3 Comparison of impact mechanisms for a single rigid barrier for: (a) dry granular flow and (b) water in 5 m-long flume (modified from Choi 


et al. 2015); (c) two-phase flow in 28-m long flume (Ng et al. 202 1a) 


long flume, inclined at 40° for dry granular (Leighton Buz- 
zard fraction C sand; uniform grain diameters of 0.6 mm) and 
at 5° for water (Choi et al. 2015), and (2) a 28 m-long flume, 
inclined at 20° for two-phase flows (Ng et al. 2021a). In 
Fig. 3a (i), at t = 0.00 s, dry granular flow front starts to 
impact the barrier and gradually piles-up behind the barrier. 
The wedge-shaped static zone (dead zone) keeps enlarging 
until tf = 0.75 s (Fig. 3a (iii)). This pile-up mechanism rapidly 
attenuates kinetic energy of the dry granular flow with high 
degree of internal and boundary friction. Furthermore, air in 
the interstices increases the bulk compressibility of angular 
sands allowing further dissipation of kinetic energy during 
impact. This increase in bulk compressibility can be 
attributed to the changes in void ratio from elastic shearing 
at contacts without grain crushing (Iverson 2015). As such, 
the dry granular flow cannot override the deposited material 
along the free surface and instead, the length of the dead zone 
keeps increasing when a granular bore propagates (piles-up) 
upstream at tf = 1.05 s (Fig. 3a (iv)). For water flow (Fig. 3b), 
a jet-up like mechanism is observed with supercritical Fr 
conditions (Choi et al. 2015). Unlike the dry granular flow, 
the water runs up along the barrier without significant 
enlargement of the dead zone from ft = 0.2 s to 0.4 s (as shown 
in Figs. 3b (ii) and (iii)). When kinetic energy of runup water 


completely transfers to gravitational potential energy, it rolls 
back, falls under gravity and impacts on the flume base. 
Tests using dry granular and water flows are valuable in 
understanding fundamental impact mechanisms in purely 
frictional stress and viscous stress dominated regimes respec- 
tively. However, these two extreme flow types cannot model 
the solid-fluid interaction intrinsic to debris flows. Pore fluid 
regulates friction within the solid particles and at boundaries, 
thereby changing the amount of energy dissipation and con- 
sequently the impact mechanism (Song et al. 2017). 
Figure 3c shows the impact mechanism of debris flow against 
a single rigid barrier in the 28 m-long flume (Ng et al. 202 1a). 
The debris material was composed of gravel, sand, clay, and 
water with volumetric fractions of 0.21, 0.36, 0.02, and 0.41, 
respectively. At t = 3.40 s, the flow front jumped along the 
barrier after impacting and is immediately reflected upstream 
(Fig. 3c (i)). At t = 4.40 s the reflected wave then propagates 
upstream and interacts with the incoming flow (Fig. 3c (ii)). 
Although the solid volume fraction of the two-phase flow is 
0.59, approximately equal to that of dry granular flow in 
Fig. 3a, initial jet-like impact mechanism followed by 
reflected wave occurs rather than pile-up. Similar impact 
mechanisms have also been observed by Armanini et al. 
(2020) in 5-m long flume and Song et al. (2017) in 
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geotechnical centrifuge. The jet-like impact mechanism in 
two-phase flows can be explained by the fluidisation ratio 4 
(Ng et al. 2023a), which is the ratio between pore fluid 
pressure pr and the total stress (sum of pore fluid pressure pp 
and effective stress of solid phase p): 


P ptp 


_Pp_ Pf (1) 


Fluidisation ratio measured in 28 m-long flume tests is 
approximately equal to one, which implies p = 0 and less 
energy is dissipated due to the low frictional force (up = 0, 
where yu is the friction angle of the solid phase). This can also 
be inferred from the horizontal free surface of the deposited 
debris at t = 7.70 s (Fig. 3c (iv)). 

The distinctly different mechanisms observed for dry 
granular flow (pile-up) and water (vertical jet) are governed 
by the difference in energy dissipation in the two flow types 
during impact. While internal and boundary friction together 
with bulk compressibility rapidly reduces the flow kinetic 
energy for dry granular flow (Koo et al. 2017), viscous 
shearing in water is not as efficient in dissipating energy. 
These differences in impact mechanisms have a profound 
effect on the impact force and its distribution on a barrier 
(Song et al. 2017), which will be discussed in detail later. 


2.3.1.2 Effects of Rigid Barrier Opening 

The impact mechanisms of different flow compositions 
against closed rigid barriers, which are usually constructed 
at the exit of the debris flow channel to resist all the debris, 
have been discussed in previous section. On the contrary, 
rigid barriers are also constructed with various types of 
openings in the field. Piton and Recking (2016) conducted a 
detailed literature review on the hydraulic and deposition 
processes of debris flow against open rigid barriers. They 
summarised unique advantages of open rigid barriers com- 
pared to the closed rigid barriers as follows: (1) regulating 
peak flow rate; (2) increasing energy dissipation; (3) filtering 
and storing unwanted components, such as separating 
bed-load sizes or grading wood. Aside from the functioning 
perspectives of open rigid barriers, the design of these 
barriers also requires the knowledge of impact force. As 
such, the discharge of open rigid barriers is discussed in 
this section and the recommendation of design impact force 
for open rigid barriers is provided in Sect. 3. 

The efficiency of open rigid barriers in dissipating the flow 
energy can be controlled by designing a basal clearance, 
which is an opening between the base of the barrier and 
channel bed, such that the impact force on downstream 
barriers can be optimised (Choi et al. 2020; Ng et al. 
2022b; Liu et al. 2023). By designing a basal clearance, the 
peak flow discharge rate can be regulated. 
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Fig. 4 Influence of basal clearance height on the peak discharge rate 


Figure 4 shows the physical test results of peak basal 
discharge rate Q. of dry granular flow composed of 3-mm 
glass beads impacting on rigid barrier with a normalised basal 
clearance H,/hg ranging from 0.2 to 0.8 (Ng et al. 2022b). In 
the tests, two barrier heights perpendicular to the channel 
slope were adopted with five times the flow depth (Hp/ 
ho = 5) and twice the flow depth (Hg/ho = 2). The peak 
discharge rate through the basal clearance is normalised by 
the peak discharge rate of a control test without barrier. For 
the tests with Hg/ho = 5, the large barrier height prevents 
overflow, and thus the discharge rate is dominated by basal 
discharge and increases with the increase in basal clearance 
height. In contrast, when barrier height is lower at Hp/ho = 2, 
both overflow and basal discharge occur and influence the 
downstream discharge rate. With the increase of basal clear- 
ance, the peak discharge rate decreases due to the reduced 
overflow and when H,/hg reaches 0.8, the peak discharge is 
dominated by basal discharge rather than the overflow. Liu 
et al. (2023) proposed a new dimensionless number named as 
overflow number to characterise whether the downstream 
discharge is dominated by basal discharge or overflow. The 
overflow number No, is expressed as follows: 


(2) 


where hj is the runup height calculated by the momentum- 
based model (Liu et al. 2023). By comparing the physical and 
numerical results, the study found that the basal discharge 
dominates the peak discharge when Nor < 1, while the over- 
flow dominates when Nof > 1. A threshold value of Nof = 1 
can be used to optimise the design of the barrier by 
maximising dissipation of the flow energy. 
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In addition to discharge, the impact force induced on open 
barrier by debris flow requires attention and will be discussed 
later. 


2.3.1.3 Role of Barrier Stiffness 

After considering the effects of debris flow composition and 
barrier opening on impact mechanisms, this section discusses 
the effects of barrier deformation during impact. Ng et al. 
(2020b) studied the impact of dry granular flows against a 
deformable cantilever barrier using material point method 
(MPM). The MPM model was calibrated using flume test 
results reported in Ng et al. (2017). The calibrated model was 
then utilised in carrying out a numerical parametric study to 
investigate how the stiffness of the barrier affects barrier 
impact force, barrier deformation and energy dissipation dur- 
ing impact. The investigated stiffness (flexural rigidity) 
ranged from a stiff 1 m-thick concrete barrier 
(EI = 4.17 x 108 N - m’) to highly flexible 2 mm-thick 
steel barrier (EI = 8.33 N - mô). To facilitate direct compari- 
son with a 1 m-thick reinforced concrete barrier, the flexural 
rigidities of all the investigated barriers were normalised by 
the flexural rigidity of 1 m-thick and 3 m-tall reinforced 
concrete barrier. The normalised flexural rigidity ratio 
(BEI / H? sm) Of the 1-m thick and 3 m-tall reinforced concrete 
barrier is 1.0 while that of the 2 mm-thick steel barrier is 
2.5 x 10°" 

Figure 5 shows the influence of barrier flexural rigidity 
ratio on the impact force and final barrier deformation. The 
abscissa shows the normalised flexural rigidity ratio. The 
ordinate on the left shows peak barrier deformation Dmax 
along the impact direction normalised by the barrier height 
H. The ordinate on the right shows the impact force 
normalised by computed impact force on a 1 m-thick 
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Fig. 5 Normalised barrier impact force and peak barrier deformation 
against normalised barrier flexural rigidity for dry sand flow impact on 
deformable barriers (redrawn from Ng et al. 2021c) 
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reinforced concrete barrier. The computed results reveal that 
the normalised impact force reduces nonlinearly as the flex- 
ural stiffness reduces. Particularly, a 2 mm-thick steel barrier 
(3EI/FR sm =2-5* 10~°) can reduce impact force by 60% 
while deforming around 40% of the barrier height in the 
direction of impact compared to a | m-thick reinforced con- 
crete barrier that is essentially rigid. This implies, lowering 
the stiffness of a barrier effectively reduces peak impact 
force. 

Figure 6a, b show how and why the granular flow impact 
force decreases as the barrier flexural rigidity reduces. These 
figures compare the accumulated equivalent shear strain of 
dry sand mass after impacting steel barriers of 2 mm and 
5 mm thickness, respectively. The 2 mm-thick steel barrier 
undergoes (Fig. 6a) more significant deformation upon 
impact, leading to more distinct shear bands in the sand 
deposit compared to the 5 mm-thick steel barrier (Fig. 6b). 
In the 5 mm-thick barrier, the accumulated equivalent shear 
strain is only noticeable along the boundaries. This suggests 
that the flow experiences less shearing deformation after 
impact because of the smaller deflection of the stiffer 
5 mm-thick steel barrier. 

This section presented the influence of barrier stiffness on 
reduction of impact force from dry sand flow. A unified 
approach for estimating the design impact force on rigid 
and flexible barriers will be discussed later. 


2.3.2 Debris Flow Impact on Multiple Barriers 

The previous discussions only focused on how debris flows 
affect a single barrier to reveal the underlying impact 
mechanisms. To mitigate large volumes of debris flow by 
retaining debris along its path, however, multiple barriers 
need to be installed in the flow channel. In addition to impact, 
multiple barriers require investigation of overflow and land- 
ing mechanisms. Downstream barriers should also consider 
the effects of upstream barriers on debris flow dynamics and 


Shear bands 
A 


(a) (b) 


Fig. 6 Equivalent shear strain (e) contour and shear bands within dry 
sands behind (a) 2 mm-thick steel barrier (3E7 TEBE ic =2.5x 1076) (b) 


5 mm-thick steel barrier (3EI a =1.0x 1074) (redrawn from N g 
et al. (2020b)) 
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Fig. 7 A schematic diagram of the multiple barrier framework for both dry granular and two-phase flows. The framework includes (1) impact 
model, (2) overflow and landing kinematics, and (3) subsequent barrier impact 


volume retention. Early designs of multiple barriers mainly 
focused on the volume of debris retained by each barrier, 
slowing down the flow and stabilising the channel gradient 
(VanDine 1996). However, this approach neglects the inter- 
action between the flow and barriers (Kwan et al. 2015). An 
analytical model for a multiple barrier framework has been 
developed to rationally define barrier spacing, considering 
velocity attenuation during flow-barrier interaction, defining 
overflow trajectory, and calculating the velocity after landing 
that impacts the downstream barrier (Ng et al. 2019). 
Recently, it was found that contrary to the accretion of 
flowing grains along the free surface of the deposited material 
in dry granular flow, debris flow dissipates energy during 
flow-barrier interaction through internal shearing (Ng et al. 
2022a). Debris flow is also found to launch at an angle that 
results in higher overflow distance requiring larger barrier 
spacing to prevent overflow from directly impacting or 
overtopping the subsequent barrier. Furthermore, it was also 
recently found that the equivalent fluid model may not accu- 
rately represent the reduction in friction coefficient between 
the flow and the bed after landing as it ignores the excess pore 
pressure generated in fluid phase (Ng et al. 2023a). In light of 
the new findings the existing multiple barrier framework 
from Ng et al. (2020a) has been updated to capture salient 
features of impact and overflow mechanisms for different 
flow types as shown in a schematic diagram in Fig. 7. 


The updated multiple barrier framework in Fig. 7 shows a 
process-based approach to the design of multiple debris 
resisting barriers. Analytical equations are used to capture 
the three key processes of debris flow impact, overflow and 
landing based on impact mechanisms for different flow types. 
The framework can be used iteratively to design a series of 
barriers in the channel to resist a predefined volume of debris 
flow. Details of the updated multiple barrier framework, 
primarily the new changes to the existing framework of Ng 
et al. (2020a) are shown below. 
2.3.2.1 Initial Impact Mechanism: Quantifying Energy 
Dissipation During Pile-Up and Run-Up 
The first design step for multiple barriers is to determine 
energy dissipation at the first barrier and hence define over- 
flow velocity (vo). As explained earlier, flow can either pile- 
up, form jump or run-up depending upon the flow composi- 
tion (Fig. 3). The energy dissipation also differs depending 
on the mechanism of flow-barrier interaction. For dry granu- 
lar flows, pile-up mechanism occurs, and energy dissipates 
due to friction between the deposited and incoming flows. 
Velocity attenuation model proposed by Koo et al. (2017) can 
provide energy dissipation in dry granular flows and obtain 
overflow velocity. Since two-phase flows exhibit a jump or 
run-up mechanism during flow-barrier interaction, layer by 
layer frictional dissipation cannot be used. Ng et al. (2022a) 
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suggests an approach to define energy dissipation for 
two-phase flows based on yield stress of the interstitial 
fluid. These two approaches of estimating flow kinetic energy 
dissipation during barrier interaction can be unified while 
calculating overflow velocity as follows: 


Vo = Vv? — 28B% (3) 
where, 


(ha + Ly tan f) 


B 
for dry granular flows (4) 
cos?0(1-+A x Nyiea X tan 0) 


X= 


for two — phase flows 


where, v, is the overflow velocity at the crest of the barrier, 
g is the acceleration due to gravity, B = Hp/ cos @ is the 
vertical height of the barrier, Hg is the height of the barrier 
perpendicular to the channel inclination, @ is the slope incli- 
nation and y is the flow kinetic energy dissipation, which 
depends on flow composition. For dry granular flows, hg is 
the height of the deposited granular material, Ly is the length 
of the free surface of arrested granular material and @ is the 
friction angle. For two-phase flows, A is an empirical coeffi- 
cient that considers the extent of internal shearing in the flow 
material in proportion to the yield stress of the interstitial 
fluid (zy). Nyica = Ty/pgh sin @ is the dimensionless yield 
stress of the flow, which is the ratio of yield stress of the 
interstitial fluid and the driving shear stress component par- 
allel to the slope. A x Nyieia gives the dissipation of kinetic 
energy within the two-phase flow. 


2.3.2.2 Overflow Trajectory and Landing Distance 

Ng et al. (2019) assumes that overflow occurs horizontally 
from the crest of the barrier. This is true for the flow with pile- 
up mechanism. This assumption provides conservative esti- 
mate for the case when the flow overflows at an angle below 
the horizontal level. However, when the flow launches at an 
angle (0.) with horizontal, overflow distance increases com- 
pared to the horizontal launch (Ng et al. 2022a). An overflow 
trajectory as shown in Fig. 7 can be used to define the landing 
distance (x;). Equation (5) provides formulation to calculate 
the minimum barrier spacing based on this overflow distance. 
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For dry granular flows or for the cases where overflow occurs 
horizontally, the above equation transforms into the overflow 
equation given by Kwan et al. (2015) as: 


Vm? 


2 
n=" | ean tan20 + 288 | (6) 
Once the overflow lands on the bed, velocity of landed flow 
can be calculated by using Eq. (7): 


vi = R cos fy, (7) 


where v, is calculated by using the overflow trajectory as used 
in obtaining Eq. (5). This velocity is then used as impact 
velocity for the downstream barrier. 

After landing, landed flow is assumed to flow with a 
velocity (vi) and flow depth (h) and impact the subsequent 
barrier. The impact model (Eq. 3) is again applied to obtain 
overflow velocity and the process continues until the debris 
flow comes to a stop. Ng et al. (2023a) numerically 
investigated behaviour of two-phase flow of 500 m? volume 
impacting two barriers. The computed results reveal that 
equivalent fluid models such as 3d-DMM (Koo et al. 2018) 
and DAN3D (McDougall and Hungr 2004), commonly used 
for debris flow analysis can underpredict the impact velocity 
and impact force at the second barrier. This is because when 
the overflow lands, it induces rapid undrained loading during 
impact increasing the pore fluid pressure within the landed 
flow (Ng et al. 2023a). This excess pore fluid pressure cannot 
be captured by equivalent fluid model. The increase in pore 
fluid pressure reduces effective basal friction (Eq. 1) resulting 
in flow acceleration, increased impact velocity at the barrier 
and hence increased impact force on the downstream barriers. 


3 Design Recommendations for Debris 
Resisting Barriers 

3.1 Debris Flow Impact Force on Barriers 

Current state of understanding of impact mechanisms of 
debris flows can be reflected in international design 
guidelines (ASI 2013; CAGHP 2018; GEO 2022; NILIM 
2016; SWCB 2019; Volkwein 2014). These international 
guidelines assume debris flows behave as continuum fluids. 
Debris flow impact forces on barriers are estimated using 
equilibrium of forces in hydrostatic models and conservation 
of linear momentum in hydrodynamic models. Although 
these international design guidelines predominantly consid- 
ered hydrodynamic model only while estimating barrier 
impact force, multiple researchers have shown that both the 
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Table 1 Summary of dynamic impact coefficient («) in international design guidelines 

Region Dynamic impact coefficient (a) (for soil debris impact on rigid barrier) References 

Canada 1.00 Hungr et al. (1984) 

Mainland China 1.33 (for rectangular barrier) CAGHP (2018) 
1.47 (for square barrier) 

Taipei, China 1.00 SWCB (2019) 

HKSAR, China 1.50 GEO (2022) 

Japan 1.00 NILIM (2016) 

Austria 1.00 ASI (2013) 


hydrostatic and hydrodynamic forces should be considered 
for wide range of impact scenarios (Armanini and Scotton 
1992; Ng et al. 2020a; Song et al. 2017). Including both the 
hydrostatic and hydrodynamic forces, the total impact force 
exerted by debris flow can be expressed as: 


F peak = Faynamic + Fstatic = apy’ hw + 0.5kpgh*w (8) 


where a and k are the dynamic and static impact coefficients, 
respectively; is the flow density; v is the velocity of the flow; 
h is the flow depth and w is the channel width. While all the 
design guidelines assume k = 1.0 by neglecting the shear 
strength of fluidised debris, there is no consensus on the value 
of dynamic impact coefficient a as shown in Table 1. 

Rearranging Eq. (8) gives normalised impact force on the 
barrier with respect to the hydrostatic force of debris flow as 
follows: 


Fpeak av? 
————_ l+ 9 
0.5kpgh°w 0.5kgh ) 
Simplifying the Eq. (9) by expressing the Froude number as 
Fr=v/,/gh, 


F peak 2a 2 
—peak 4 4 8 Ry 
F static k 


(10) 
Equation (10) can be used as a unified approach for 
estimating the design impact force on debris resisting 
barriers. In Eq. (10), if æ is assumed to be unity, then the 
impact scenario is inelastic. However, if æ is assumed to be 
two, then the impact scenario is elastic (Ng et al. 2019). 
Assuming an isotropic stress distribution within the debris 
material, the hydrostatic impact coefficient becomes k = 1 
(Ng et al. 2021b). An increase of normalised impact force 
means the dynamic impact force has a higher contribution 
towards the peak impact force compared to hydrostatic force. 

Figure 8 shows normalised impact force exerted by debris 
flows for different Froude conditions. In Fig. 8a, the analyti- 
cal equations with k = 1.0; æ = 1.5 correspond to the design 
recommendation by Ng et al. (2020a), which was also 
recently adopted in Hong Kong for debris resisting rigid 


barriers (GEO 2022). It is worthwhile to note that k = 1.0; 
a = 1.5 provides a theoretical upper-bound for impact force 
on single rigid barrier for all types of investigated flows: 
water, two-phase (Liu 2019) and dry granular (Zanuttigh 
and Lamberti 2006). Another theoretical bounding line 
using Eq. (10) with k = 1.0; æ = 1.0 provides an upper 
bound for all data points of flexible barriers impacted by 
two-phase flow. Given that the existing design guideline in 
Hong Kong for debris resisting flexible barriers stipulates 
k = 1.0; æ = 2.0, there are prospects of load optimisation 
for flexible barrier design. Similarly, normalised peak impact 
force from dry granular flows on rigid barrier with basal 
clearance is also shown. The basal clearance H, is normalised 
by the maximum flow depth ho and reported in the figure 
alongside the data points. The theoretical bounding line with 
k = 1.0; a = 1.0 also provides a conservative estimate of 
impact force for basal clearances (H./ho < 1.0) and can be 
adopted for designing rigid barriers with a basal clearance. 
Figure 8b shows the changes in the normalised peak 
impact force with flow Froude number (Fr) for the second 
rigid barrier of a dual barrier system. Measured as well as 
computed results are used in evaluating the design impact 
criteria for second barrier in a dual barrier system. Similar to 
Fig. 8a, the measured peak impact forces (Fpeak) for dry 
granular flows and water are normalised by the theoretical 
static force (Fstatic) 0.Skpghow. The flow depth before 
impacting the second barrier is assumed to remain constant 
and equal to the flow depth at the first barrier for a conserva- 
tive estimate of impact forces on the second barrier. 
Measured data from 5 m-long flume experiments using 
water and dry granular flow and computed results from 
design case in Hong Kong using two-phase flow are com- 
pared. Dry granular flows have lower Froude numbers than 
water flows because there is more energy dissipation via 
frictional shearing among the grains (Choi et al. 2015). 
Water flows exert higher normalised impact forces com- 
pared to dry granular flows because the water overflow lands 
closer to the first barrier, allowing for sufficient length for 
flow acceleration (Ng et al. 2020a). The measured impact 
forces are compared with a theoretical equation for peak 
impact force (Eq. 10). In comparison with the upper bound 
for a single rigid barrier (Fig. 8a), k = 1.0; a = 1.5, an upper 
bound with k = 1.0; a = 1.0 provides a conservative estimate 
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Fig. 8 Design impact force at different Froude numbers for (a) single barrier (rigid closed, rigid with basal clearance and flexible) (b) first and 
second rigid barrier in dual barrier system (modified from Ng et al. 2020a) 


of the impact force exerted on the second barrier. The reduc- 
tion in normalised peak impact forces for the second barrier is 
mainly due to energy dissipation during impact on the first 
barrier and landing between the dual barriers. Design 
recommendations by Ng et al. (2020a) have been verified 
with additional experimental and numerical results and are 
summarised in Table 2. 


4 Summary and Conclusions 


Current state-of-the-art research on the impact mechanisms 
of debris flows has been reviewed and discussed in this 
chapter. This study emphasises how debris flow composition, 
barrier opening, barrier stiffness and number of barriers gov- 
ern the debris flow impact dynamics. The following key 
findings are summarised from this study: 


1. Debris flow composition governs the mechanism of 
impact on barriers. Dry granular flows exhibit a pile-up 


mechanism with progressive deposition of material behind 
the barrier during impact. The flow kinetic energy is 
dissipated via sustained shearing between grains and 
large bulk compressibility when the grains are angular. 
In contrast, water and fluidised two-phase flows show a 
jet-like runup mechanism. While energy is dissipated 
solely through viscous shearing in water flows, concentra- 
tion of solids in two-phase flow dictates whether energy is 
dissipated by frictional, collisional, and viscous stresses 
within the flow. 

2. Newly proposed dimensionless overflow number Nop with 
a threshold value of 1.0 should be used to design rigid 
barrier with basal clearance (0.2 < H./ho < 0.8) to regulate 
discharge of debris material downstream while reducing 
the impact force. 

3. Impact force exerted on a barrier reduces nonlinearly with 
the stiffness of the barrier. Compared to a 1-m thick 
reinforced concrete barrier, a deformable barrier of 2 mm 
thick steel plate cantilevered at the base experiences only 
40% of the impact force. 
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Table 2 Design recommendations for estimating the impact loads for different barrier configurations (modified from Ng et al. 2020a) 


Design recommendations" 

Single rigid barrier without basal clearance 

Single rigid barrier with basal clearance (0.3 < H./ho < 1.0) 
Single flexible barrier 

Second rigid barrier in a dual rigid barrier system 


* A static impact coefficient k = 1.0 is recommended to deduce static load 


4. Design loads for a single closed rigid barrier should be 
estimated using a = 1.5 with static load estimated using 
k = 1.0. For a single rigid barrier with basal clearance 
(0.3 < H./ho < 1.0), single flexible barrier, and the second 
barrier in a dual rigid barrier system design load should be 
estimated using a = 1.0 with static load estimated using 
k = 1.0. It is worth noting that these design 
recommendations are for continuum-like debris material 
and do not consider discrete impacts from a single boulder 
or a cluster of boulders. As such, other design guidelines 
can provide higher æ values compared to this study. 
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Abstract 


Researchers have explored different risk assessment 
approaches from the perspectives of different disciplines 
to capture urban risks, resulting in many risk assessment 
frameworks. In these frameworks, the risk environment is 
analysed using different quantitative and qualitative 
assessment methods, such as fuzzy set, probability theory, 
and evidence theory. While each approach has contributed 
to risk assessment, they suffer from a lack of consensus in 
defining and measuring the impact of risk in an urban 
environment. 

Therefore, the study aims to conduct a literature survey 
to consolidate a common set of risk assessment 
perspectives and approaches for measuring these risks. 

A structured review was carried out to achieve the aim 
of this research. The research question used for 
conducting the literature review was “What approaches 
are being used to define and measure the impact of hazard 
risks in an urban environment?’. The PICO (Population, 
Intervention, Compression Intervention, and Outcome) 
method was used to generate the search string for the 
literature review by considering the keywords in the 
research question. Initially, 206 research papers were 
selected through a search strategy, and by applying a 
screening method, 119 research articles were selected for 
the detailed review. The Nvivo software was supported for 
the review purpose; then, a mind map was developed, 
integrating all the risk assessment perspectives. 

Risk assessments were summarised by considering the 
various researchers’ perspectives. Thirty-four risk 
perspectives were identified through the literature, and a 
mind map was developed to understand the connectivity. 
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This mind map was converted into a network diagram, and 
future requirements of risk perspectives were identified 
based on the risk assessment network diagram. According 
to the analysis, risk communication, risk treatment, critical 
curve, judgment curve, and risk matrix could be identified 
as future research areas. The risk reduction measuring 
strategies were identified by considering the feedback 
loop of the network diagram. Thus, 14 risk reduction 
strategies could be identified through the analysis. 

The risk assessment frameworks focused on holistic 
approaches, but most research studies did not adequately 
follow the risk perspectives. Therefore, research gaps 
were identified in the risk assessment process, and the 
areas were highlighted as state-of-the-art to conduct future 
research studies. The feedback loops of the network dia- 
gram emphasised the risk reduction strategies, which 
could be further researched through application to a case 
study. 


Keywords 


Risk assessment - Risk perspective - Risk reduction 
strategies - Risk communication 


1 Introduction 


Disaster Risk Assessment (DRA) is a fundamental activity 
necessary for establishing a clear understanding of local risks 
to implement appropriate interventions for risk reduction 
activities and build resilient urban environments. Therefore, 
there are many international efforts to encourage 
governments to implement DRA to create sustainable cities 
and communities through partnerships (Nations U 2015b). 
For example, many disaster risk reduction action plans such 
as the International Decade for Natural Disaster Reduction 
(Nations 1989), the Yokohama Strategy and Plan of Action 
for a Safer World, the Hyogo Framework for Action (HFA) 
(2005-2015), Sendai Framework for Disaster Risk Reduction 
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(2015-2030) are calling for governments to focus on disaster 
risk reduction against climate-induced disasters (Nations U 
2015a). In this context, the Sendai Framework calls for 
strengthening the scientific capacities to develop or apply 
DRA methodologies and frameworks to assess 
vulnerabilities, exposure, and disaster risks for various 
hazards (Nations U 2015b). Such risk assessment 
frameworks need to take a systemic view of DRA within 
urban environments by considering the interdependencies of 
various subsystems and help city governors fully understand 
the cascading impact of hazards across various subsystems 
and domains (Hasani 2014). 

Due to the complex relationships that exist among the risk 
assessment variables, researchers have explored different risk 
assessment approaches, resulting in many risk assessment 
frameworks (Khazai et al. 2014; Yeganeh and Sabri 2014; 
Zlatanova et al. 2014; Munasinghe and Wijegunarathne 
2015; Torre et al. 2019; Huang et al. 2020). In practice, 
different institutions and countries have used different risk 
management frameworks for assessing disaster risks in their 
local contexts. 

A risk management framework is a guided process on risk 
management principles, policies, and practices developed 
more systematically by various institutions. Pedro Basabe 
(2018) has divided these frameworks into four categories: 
(1) Generic Principles, guidelines, and methods, (2) Applied 
principles for governmental organisations, (3) Intergovern- 
mental framework, and (4) National Institutionalised Frame- 
work. The examples of category one frameworks on “Generic 
principles” include ISO31000 and IRGC risk frameworks 
which are purely theoretical frameworks. In contrast, 
OECD and UNECE risk assessment frameworks are category 
two frameworks on “Applied principles for governmental 
organisations”, which are focused on a specific thematic 
area (OECD 2012). For example, the OECD methodology, 
developed by G20 countries, focused on assessing the finan- 
cial risk status of a country (OECD 2012). On the other hand, 
the Sendai Framework, introduced by UNISDR, is an exam- 
ple of a category three risk framework on “Intergovernmental 
risk management’, which proposes seven targets and four 
priorities that are aimed at supporting the reduction of 
existing and new disaster threats (UNDRR 2015). In contrast, 
the National Risk Register, prepared by the UK cabinet 
office, describes the national risk reduction approaches 
aligned to the National Institutionalised framework type, 
which comes under category four (Cabinet-Office-UK 2020). 

Even though the risk frameworks are different, these 
frameworks possess common characteristics since they all 
focus on risk, vulnerabilities, and their causes and 
consequences. They focus on hazards, existing linkages to 
development, risk governance and regulations (Pedro Basabe 
2018). Therefore, it is essential to understand these 
frameworks’ common characteristics and terminologies to 
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establish a holistic risk assessment approach (Hasani et al. 
2014). 

In these frameworks, the analysis of the risk environment 
is carried out by using different quantitative and qualitative 
assessment methods. Some examples of methods used in risk 
assessment include possibility theory, fuzzy set, probability 
theory, and evidence theory (Giorgini 2009). Aksha et al. 
(2020) have identified various limitations in these current 
multi-hazard risk assessment approaches, which include: a 
lack of standard definitions for multi-hazard risk, lack of a 
holistic approach for integrating risks from different hazards, 
unavailability of intensive data required for risk assessment, 
confinement of risk assessments within disciplinary 
boundaries, and the inherent uniqueness of each place 
generating geographically specific hazard conditions and 
outcomes. 

Therefore, this study aims to understand how the risk 
assessment characteristics are discussed in various research 
studies in the urban environment. It aims to answer the 
question “What approaches are being used to define and 


measure the impact of hazard risks in an urban 
environment?” 
2 Literature Survey 


This section discusses the literature review approach used to 
gather relevant research papers to explore the research ques- 
tion. The PICO method was used to generate the search string 
by considering the keywords in the research question for 
identifying the relevant literature. The PICO represents four 
groups: Population, Intervention, Compression intervention, 
and Outcome. Table | presents the initial and extended 
keywords identified for the literature review. 

The keywords were connected with “AND” or “OR” 
operations. The “OR” connection was used to connect within 
the group, and the “AND” connection was used to connect 
between the groups. The following literature searching state- 
ment was used to search the research papers that match with 
keywords, abstract and title of the research papers in the 
Scopus and the Web of Science databases. Further, eight 
reports were collected from intergovernmental organisational 
websites. A total number of 206 research articles were 
selected for screening. 

Literature search statement: (“Urban’ OR ‘Urban Infra- 
structure’ OR ‘Urban Development’ OR ‘Urban design*’ 
OR ‘Urban Plan*’? OR City OR Town) AND (Hazard OR 
Risk OR ‘Cascading effect? OR Propagation OR ‘Cascading 
failure OR ‘Chain Reaction’ Or ‘System thinking’ OR ‘Sys- 
tem Dynamics’ OR interdependence*) AND (Resilience OR 
Impact OR Disaster OR Perturbation OR Damage OR Fail- 
ure) AND (Model* OR Theory* OR Method* OR Formulas 
OR Index OR Eq. OR Approach OR Simulation). 
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Table 1 Keywords selection—PICO method 


Population (P) Intervention/control (I) 

Urban Hazard risk 

Urban Hazard 

Urban infrastructure Risk 

Urban design* Propagation 

Urban plan* Cascading effect 

City Cascading failure 

Town Chain reaction 
System thinking 
System dynamics 
Interdependence* 


Figure 1 shows the PRISMA method of screening the 
literature records for the study. The following inclusion 
criteria were used to select the most relevant papers for this 
study, which are most relevant to generate risk propagation 
modelling: consider only the research papers published after 
1999 in English; consider papers only from the key subjects 
areas Engineering, Environmental science, Physics, Mathe- 
matics, and Social Science, which are more relevant with the 
research scope. This process resulted in 123 papers for further 
consideration. After reading the abstracts, only 119 research 
papers were selected for the full paper review process. 


2.1 Detailed Review Process 

A systematic/ mapping review approach was selected 
because of mapping the existing characteristics on a network 
diagram. Accordingly, each research paper was reviewed to 
identify key risk assessment characteristics and make a net- 
work diagram. The Nvivol2 Pro software was used to sup- 
port the literature review (Sweet 2014), and cases/nodes were 
created for each risk character. Figure 2 shows different risk 
management perspectives that were addressed in the chosen 
research papers in this study. 


2.2 DRA Characteristics and Percentage 


of Research Interests 


According to the review, 94% of the research papers 
discussed the risk analysis approaches, and in there, hazard 
assessments (97%); vulnerability assessment (82%); 
exposures (66%); risk propagation (19%); and risk percep- 
tion (30%) were discussed. Although risk appetite was 
discussed in 74% of the research papers, this aspect was not 
discussed in detail. For example, the key elements of risk 
appetite, such as risk thresholds, risk tolerance, and critical or 
judgment values, were only found in 1% of research studies. 
The following section discusses the risk analysis and risk 
analysis methods in detail. 
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Comparison intervention (C) Outcome (O) 
Measure impact Approach 
Damage Method* 
Perturbation Model* 
Disaster Theory* 
Resilience Formulas 
Failure Index 
Impact Simulation 

Approach* 

3 Risk Assessment 


The risk assessment is an important study in risk management 
and is conducted to assess the risk status of the 
community. According to Zlatanova et al. (2014), risk 
management is comprised of four major phases; (1) risk 
identification, (2) risk evaluation, (3) choice and implemen- 
tation of risk reduction measures and instruments, and 
(4) monitoring and maintenance of acceptable risk. Within 
this context of risk management, the first two phases 
(risk identification and risk evaluation) belong to the 
risk assessment. However, it is evident that there are 
many ways to define the key risk assessment activities. 
For example, ISO-Guide73 (2009) has defined risk assess- 
ment activities as risk understanding, analysis, and 
evaluation. 

In contrast, Corominas et al. (2013) have proposed risk 
analysis and risk evaluation as the key phases in risk assess- 
ment, where the key activities of risk analysis are hazard 
identification, hazard assessment, inventory of elements at 
risk and exposure, vulnerability assessment, and risk estima- 
tion. In this phase, hazard identification is the initial step for 
gaining insights into any threat, uncertainty, vulnerability, 
and unexpected event that can become a source or trigger 
for risk to materialise (Tran et al. 2018). Risk evaluation is 
the stage at which values and judgments enter the decision 
process, explicitly or implicitly, including considerations of 
the importance of the estimated risks and the associated 
social, environmental, and economic consequences to iden- 
tify a range of alternatives for managing the risks (Corominas 
et al. 2013). 

Risk Evaluation is considered an essential step in the risk 
assessment process to guide how to improve the current 
system to face future risks. At this step, values and judgments 
enter the decision-making process, explicitly or implicitly, to 
consider the severity of the estimated risks and the associated 
social, environmental, and economic consequences and to 
identify a range of alternatives for managing the risks 
(Corominas et al. 2013). 
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Fig. 1 Stages in PRISMA review 
as carried out in the study 
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Identification Literatures via Data bases and Registers 


Records identified from Electronic 
Databases. (N= 206) 
Scopus/Web of Science (N=198) 
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3.1 Risk Analysis 
There is no exact definition for risk, which varies from 
discipline to discipline (Stock and Wentworth 2019; Aksha 
et al. 2020). According to the generic principles, risk analysis 
is a process of understanding the nature of risk and deciding 
on the level of risk to provide a basis for risk evaluation and 
decisions about risk treatment (ISO-Guide73 2009). Typi- 
cally, risk analysis is conducted by considering three 
variables: hazard, vulnerability, and exposure (Gallopin 
2006; Bibi et al. 2018; Huang et al. 2020; Zhou et al. 2020). 
According to the literature, the risk analysis includes 
parameters such as consequences, probability of occurrence, 
hazard, exposure, vulnerability, capacity, triggering factors, 
cycle incubations, perturbation, range of alternatives, uncer- 
tainty, unexpected events, threat and perception (Gallopin 
2006; Corominas et al. 2013; Zlatanova et al. 2014; Izquierdo- 
Horna and Kahhat 2018; Tran et al. 2018; Huang et al. 2020; 
Zhou et al. 2020). The following subsections discuss the 
connections between the risk analysis variables in detail. 


3.2 Risk Analysis Methods 

Different risk assessment formulas are used in different 
assessments, and in general, the risk is considered a function 
of hazard, vulnerability, and exposure. This section discusses 
the representation of the risk values to support decision- 
making. However, Corominas et al. (2013) have developed 
a formula for landslide risk assessment by subcategorisation 
of hazard based on its characteristics of magnitude, spatial 
probability, and temporal probability. His formula and 
expression can be described as follows. 


R=P(M)).P(X;|M;).P(T|X;).Vi.C 


where R is the risk due to the occurrence of a landslide of 
magnitude M; on an element at risk located at a distance X 
from the landslide source, P(M;) is the probability of occur- 
rence of a landslide of magnitude Mi, P(X;IM;) is the proba- 
bility of the landslide reaching a point located at a distance X 
from the landslide source with an intensity j, P(TIX;) is the 
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probability of the element being at the point X at the time of 
occurrence of the landslide, Vj; is the vulnerability of the 
element to a landslide of magnitude i and intensity j, and C 
is the monitory value of the element at risk (Corominas et al. 
2013). Here, the magnitude defines the event’s size when a 
risk materialises, sometimes referred to as the ‘severity’ of 
the event, is compared with the impact or consequences of the 
risk materialising (Hopkin 2010). Also, the intensity is 
expressed by considering the propagation mechanism—for 
example, the landslide intensity coupled with its volume or 
the kinetic energy (Corominas et al. 2013). 
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Different theories and approaches are used for different 
hazard analyses. Mathematical and statistical analysis, quan- 
titative methods, Multi-Criteria Decision Analysis, system 
dynamic method and uncertainty methods are the most com- 
mon methodologies to assess disaster risk (Yeganeh and 
Sabri 2014). These theories and approaches could be 
categorised into four types; (1) Stochastic programming 
approach, where variables are considered here as random 
variables with defined probability distributions; (2) Fuzzy 
programming approach, which considers variables as fuzzy 
numbers; (3) Stochastic dynamic programming which 
considers random variables distributed in all areas of multi- 
stage decision making; (4) Robust optimisation, which finds 
the optimum result for a given set of input data to an actual 
scenario (Yeganeh and Sabri 2014). Yeganeh and Sabri 
(2014) have identified four common techniques that could 
be used for developing weights for each variable: ranking 
method, rating method, pairwise comparison method, and 
trade-off analysis method & comparing method. 

Most of the risk assessment has mainly considered the 
physical features of settlements. However, some studies 
address the valuation of human life in risk assessments. For 
example, Zhou et al. (2020) have considered the ‘Value of 
Statistical Life (V“L)’ and calculated risk using the following 
equation. 


Risk(I) = Probability (I) x Loss(I) 
Loss(I) = LDE(I) + LVSL(I) 


Here, direct loss (Loss(I) is calculated by using direct 
economic loss (LDE (J) and the loss of VSL(LVSL()). 
The evaluation method of VSL calculates risk as a human 
capital approach or willingness-to-pay approach (Zhou et al. 
2020). 

The presentations of the risk values are also studied in this 
survey. Lee et al. (2015) described that risk values should be 
classified into zero (0) to one (1) range for easy classification 
purposes or assigned unique names for different risk classes 
according to their probabilities and level of perturbations. For 
example, based on the risk levels, the following names are 
assigned: Medusa, Cassandra, Pandora, Pythia, Cyclops, and 
Damocles (Stock and Wentworth 2019). A risk matrix is a 
standard method for representing risk values in most risk 
assessments (Hopkin 2010; Corominas et al. 2013). In this 
method, a plot is generated by individually considering the 
expected losses against the probability of occurrence of natu- 
ral hazards. These individual risk matrices could be 
integrated into the total risk matrix for a specific area. Figure 3 
shows the risk matrix diagram, which is a graph considering 
two dimensions impact and likelihood. 

Trajectory trend curves can be used to monitor risk values 
with various criteria, and they can be overlayed with the risk 
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variables. This method has been used by Gallopín (2006) to 
monitor social resilience values as the ability of groups or 
communities to cope with external stresses and disturbances 
due to social, political, and environmental change. Figure 3 
illustrates the trajectory trends curve with an initial state, 
trajectories, and current state. This method has linked with 
a risk matrix. 


3.3 Risk Evaluation Methods 

Risk evaluation is a significant step in risk assessment and is 
discussed in the risk management frameworks. The 
ISO-Guide73 (2009) defines risk evaluation as comparing 
risk analysis results with risk criteria to determine risk appe- 
tite. This risk evaluation assists the risk treatment decisions. 
For example, gathering the stakeholders’ perceptions on risk 
status can be an evaluation. Kellens et al. (2013) have 
described risk perception as a subjective risk assessment 
that can assess the attendees’ perception of risk status on an 
identified perturbation. For example, Xu et al. (2020) have 
identified that the new communication (media) systems help 
to increase the community perception level in terms of under- 
standing of risks (magnitude and frequency levels). There- 
fore, it is required to find literature on risk perception 
methods that could be used for risk assessments. 


3.4 Risk Perception 

Risk perception is a complex process that encompasses both 
cognitive (e.g., likelihood, knowledge) and affective (e.g., 
feelings, perceived control) aspects (Kellens et al. 2013). 
Two methods are used for risk perception studies: the 
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Psychometric Paradigm and the heuristics approaches 
(Kellens et al. 2011, 2013). The psychometric Paradigm is 
an influential and popular theoretical framework in risk per- 
ception which attempts to quantify personal risk perception 
and attitudes through a structured questionnaire. Heuristics, 
or simple and efficient rules of thumb, are often used to 
simplify complex problems and make decisions without 
using all of their cognitive capacities. The prominent 
approaches to examine risk perceptions are Expectancy 
Valence Approaches (EV) and Applications of Contingent 
Valuation Methods (CVM). 

Expectancy Valence Approaches (EV): This approach 
focuses on the explanation of people’s adaptive behaviour, 
which can predict by using their valences for different 
outcomes like a desire to protect oneself, instrumentalities 
of their performance of actions like installation of flood 
barriers, and experience of previous successful performances 
on risk reduction. The concepts are based on psychological 
theories, and a few other methods are linked with the EV, 
which could be described as follows. 


e Protection Motivation Theory (PMT): This tool helps 
analyse the threat and coping appraisal of a person’s 
perception. Three constructs are defined as a tool to pre- 
dict the coping appraisal: response efficiency, self- 
efficiency, and response cost (Kellens et al. 2013). Two 
constants for predicting the threat appraisal are perceived 
probability and perceived consequence (Bubeck et al. 
2012). Bubeck et al. (2012) have discussed the usability 
of PMT for flood risk management, emphasising that these 
aspects should receive greater attention in risk communi- 
cation policies. 

e RCSA model (Risk, Coping and Social Appraisal): This 
model has three appraisals, Risk appraisal (includes a 
perception of severity and perception of probability), Cop- 
ing Appraisal (includes self-efficiency and response- 
efficiency), and Social Appraisal (includes community 
identification and perceived norms). This tool is used to 
understand the farmers’ drought adaptation practices and 
concludes that the tool is a better predictor of adaptation 
intention than a strictly demographic model (Truelove 
et al. 2015). 

¢ Protective Action Decision Model (PADM): This tool is 
closely like the PMT and is mainly applied for earthquake 
hazards. Here, efficiency attributes are protecting people, 
protecting property, and protecting utilities. 

e Motivation Intention Volition Model (MIV): “Motivation 
results from perceived risk but may be hampered by a lack 
of perceived personal responsibility and tendencies to 
avoid or suppress the perceived threat. A person’s inten- 
tion to adopt hazard adjustments is further influenced by 
perceived response and self-efficacy. The violation phase 
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intentions are turned into actions depending on the situa- 
tional barriers encountered.” (Kellens et al. 2013) 

e Risk Information Seeking and Processing Model (RISP): 
this tool expresses the construct of insufficient information 
defined as the gap between a person’s current knowledge 
and his/her knowledge threshold. 


Applications of Contingent Valuation Methods (CVM): 
This economical approach estimates people’s perceptions. 
This method is focused on people’s willingness to pay 
(Kellens et al. 2013). The technique has been used to analyse 
earthquake disasters in Taiwan by Chen et al. (2020). The 
study shows that people tend to have greater risk perceptions 
of future hazard risk and less willingness to pay for 
retrofitting their houses after a severe disaster. Similarly, 
people with higher education and a better occupation status 
may be more willing to pay than others to adopt adaptation 
behaviour. 

In addition, there are non-theoretical approaches to exam- 
ine the risk perceptions which are based on; (1) awareness 
(or consciousness, e.g., “Are you aware that you live in a 
flood-prone area?’’); (2) affect (or worry, fear, concern, e.g., 
“Do you feel personally endangered by a flood?”); (3) likeli- 
hood (or probability, e.g., “What do you think about the 
chances of a flood in your neighbourhood within the next 
ten years?”’); (4) impact (or consequences, vulnerability, e.g., 
“Rate the following statement: A flood will have fatal 
consequences for my family and me”); and (5) cause 
(or origin, e.g., “Can you indicate the cause of the flood 
risk in your neighbourhood?”) (Kellens et al. 2013). A per- 
ception study has been conducted to assess the acceptability 
of flood risk in Japan’s Toki River basin in Japan. This study 
identified that public facilities and services perception loss 
due to floods increases flood risk’s public acceptability (Zhai 
and Ikeda 2008). 


3.5 Risk Predictive Behaviour 
Understanding the existing risk and predicting its behaviour 
are essential to determine the risk reduction approaches 
(Jemec Auflié et al. 2018). Therefore, understanding the 
probability of hazard occurrence at the hazard assessment 
stage is significant, and it involves stakeholder and commu- 
nity engagements to identify the possible hazards (Jemec 
Auflié et al. 2018). Risk perception techniques are required 
to capture the existing and possible neighbourhood hazards 
(Kellens et al. 2013). 

The training and knowledge-sharing sessions are required 
to conduct frequently to upgrade the existing knowledge of 
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the community and stakeholders to capture the hazard 
impacts. For example, the Learning-by-doing approach for 
community awareness of the landslide proved more effective 
in community awareness programmes (Jemec Auflié et al. 
2018). However, the effectiveness of community awareness 
activities depended on the social classes, impact experience, 
and affect-length of residence in hazardous areas (Kellens 
et al. 2013). 

Hypothesis or scenarios are required to investigate the 
community risk by changing various parameters (Xu et al. 
2020). Then, the damage assessment (possible) is conducted 
by considering the hypothesised events and impact on the 
properties (Xu et al. 2020). Based on the outputs, the risk 
acceptance is discussed by referring to the cost-benefit or the 
consequences of the damage assessment (Zhai and Ikeda 
2008; Stock and Wentworth 2019). The emergency planning 
activities are determined based on these risk acceptance 
priorities (Stock and Wentworth 2019). 

The worst-case and the most-probable scenarios play 
a significant role in emergency planning (Stock and 
Wentworth 2019). Governments should communicate the 
most-probable scenario to the public, and community 
engagement may help validate the scenario outputs by 
acquiring geographic and physical information (Stock and 
Wentworth 2019). The reasonable worst-case scenario can 
represent the challenge to the community but is not necessar- 
ily informative for businesses and the public. However, it 
should be considered in the risk assessment (Stock and 
Wentworth 2019). 


3.6 Risk Appetite 

Risk evaluation gives some idea of the risk mitigation 
options, and risk appetite is for identifying risk capacities 
related to a settlement. Hopkin (2010) has discussed risk 
appetite as a technique to identify threshold levels in each 
risk category; Risk accepts, adopts, adapts, and avoids. The 
judgement and critical lines could be identified based on the 
levels of risk management activities (Hopkin 2010). Both 
lines are plotted on the risk matrix, and the judgement line 
represents the margin between the comfort and cautious 
zones. If the risk level belongs to the comfort zone, the 
dominant response will be Risk Tolerate, and if the risk 
level belongs to the cautious zone, the dominant response 
will be either Risk Transfer or Risk Treat (Hopkin 2010). 
The critical line of risk is the Cautious and Concerned 
zone’s margin. The dominant response will be risk 
Terminate if the risk level belongs to the concerned zone 
(Hopkin 2010). 


Discussion 


Disaster Risk Assessment Dynamic 
Connections 


Risk assessment characteristics were summarised in the pre- 
vious sections, and a conceptual diagram was developed for a 
better presentation. Accordingly, the risk assessment is 
comprised of three activities: identification, analysis, and 
evaluation. The risk analysis has three major components: 
Hazard, Vulnerability, and Exposure assessment. Gallopin 
(2006) has identified the relationship between each compo- 
nent of hazard, vulnerability, and exposure of the human 
settlements. Vulnerable elements are the internal processes 
of human settlements, and hazards or perturbations are the 
external processes of human settlements. 

According to the literature review, hazard assessment has 
four major elements: spatial probability, temporal probabil- 
ity, magnitude, and resistances. The vulnerability assessment 
consists of physical, social, economic, environmental, gover- 
nance, resilience, sensitivity, and fragility. The risk evalua- 
tion assessment divides into two: risk perception and risk 


Reaching 
Probabilty 
Initiation 


Probability 


— e 


Sp 
probabilay 
Size 


Vilocity ~À i 


_—— Magnitude 
EO 


Cycle 
“ jon Haza 


Shocks 
RR 5 


Elasticity 


= a iu 


Vulnerability 


Sensitivity 


Resistance 


Protection A 


Roughness 


Status 


Social 
infrastructure 


Psychological. 
Factors 


Demographic 


Critical Factors 


Facilities 
Physical 


infrastructuré 


Education 


Fig. 4 Risk perspectives connections (a mind map) 


asses - 


<<" Capacity 


Capacity 


D. Munasinghe et al. 


appetite (through a risk matrix). Risk perceptions assess 
people’s perception of known perturbation, and it has two 
elements: risk examination and risk prediction behaviour. 
Risk appetite is how people assess the limits and bounds 
of the risk status. It is a matrix of risk-treating options 
(Risk tolerance, risk transfer, risk treatment, and risk termi- 
nation), which is influenced by risk judgment and critical 
curves. All these concepts were connected as a system in 
Fig. 4 to illustrate the risk perspectives needed in risk 
assessment. 


4.2 Risk Reduction Strategies 

Figure 4 shows the risk perspectives identified through the 
literature review. Accordingly, a stock-flow diagram was 
developed to understand the balancing and reinforced loops. 
The negative (Red) and positive (Blue) connections were also 
identified in the loops. These loops guide the development of 
risk-reduction strategies. Consequently, 14 strategies were 
identified by analysing the balancing loops, connected to 
the risks, in the network, as shown in Fig. 5. 
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Fig. 5 Stock-flow diagram for risk assessment perspective 


The following section proposes strategies that can be used 
to reduce the risks by analysing the identified loops. 


1. Update the risk education programs with recent risk 
evaluation experiences (Risk — Risk Assessment > 


Risk Education — Risk Identification — Risk Commu- 4. 


nication — Risk)—This balancing loop suggests that by 
introducing risk education programs, updated with the 
outcomes of recent disaster assessments, will lead to 
effective risk identification and communication, and con- 
sequently reducing overall local risks on the community. 
2. Update community risk perception to enhance their 
coping capacities. (Risk — Risk Assessment — Risk 
Education — Risk Perception — Risk Identification > 
Risk Communication — Risk)—This balancing loop 
indicates that it is necessary to frequently measure the 


risk perception of the community, using the tools 5. 


discussed under the risk perception section, and intro- 
duce community activities that can help them to gain an 
accurate understanding of their local risks. Such 
activities can make the community an active stakeholder 
in risk reduction and communication. 

3. Risk education programmes should be informed 
through evidence-based approaches. (Risk — Risk 
Assessment — Risk Matrix — Risk Appetite — Risk 


Education — Risk Identification — Risk communication 6. 


— Risk)—A thorough analysis should be conducted to 


Fy 


Fragility 
dn 


Resilient 
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identify the risks and how to control them through risk 
appetite. The outcome of this approach should play a 
major role in educating the communities on why certain 
risk management decisions are being made. These 
approaches should be communicated to the communities. 
Bring the community as an active participant in 
reducing local risks to safeguard their livelihoods 
(Risk — Risk Assessment —Risk Matrix — Risk Appe- 
tite — Risk Education — Risk Perception — Risk Iden- 
tification — Risk communication — Risk)—This 
balancing loop suggests that by bringing communities 
as an active participant in the whole risk management 
process to reduce the local risks and to protect their 
livelihoods. The risk-management actions should be 
practised and absorbed into their livelihood by providing 
appropriate training. 

Improve the resilience capacities to reduce 
vulnerabilities (Risk — Risk Assessment — Risk 
Matrix — Risk Appetite — Resilience — Vulnerability 
— Risk)—The actions carried out within the risk appetite 
will enhance resilience capacities (anticipatory, absorp- 
tive, restorative, transformative, coping) of various 
dimensions (physical, social, economic, environmental, 
and governance) hence reducing the vulnerabilities in the 
settlements for various hazards. 

Deploy community-based approaches to defining and 
addressing resilience and vulnerabilities. (Risk — 
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10. 


11. 


Risk Assessment — Risk Education — Risk Perception 
— Risk Matrix — Risk Appetite — Resilience — Vul- 
nerability — Risk)—Risk perception of the community 
influences the local risk appetite for choosing appropriate 
interventions for enhancing community resilience and 
reducing community vulnerabilities. Therefore, 
communities’ risk knowledge and risk perception can 
influence their attitude towards investment in various 
risk reduction activities, such as the implementation of 
building codes and the construction of retaining walls. 


. Promote ecosystem management approaches for 


reducing hazards (Risk — Risk Assessment — Risk 
Matrix — Risk Appetite — Resistance — Hazard — 
Risk)—This balancing loop suggests that risk appetite 
measures influence resistance to hazards. Therefore, eco- 
system management approaches, including structural or 
non-structural methods, must be introduced for building 
resistance. As an example, the introduction of appropri- 
ate native plants as a nature-based solution can help build 
resistance to hazards. 


. Communicate the importance of ecosystem manage- 


ment in mitigating hazards. (Risk — Risk Assessment 
— Risk Education — Risk Perception — Risk Matrix > 
Risk Appetite — Resistance — Hazard — Risk)—The 
local community should be aware of the importance of 
ecosystem management for their livelihood through risk 
education. For example, communities should understand 
how deforestation in mountainous slopes can lead to 
potential landslides. The community must practice such 
risk-reduction approaches to mitigate or reduce hazard 
occurrences. 


. Promote ecosystem restoration programs at suscepti- 


ble locations. (Risk — Risk Assessment — Risk Matrix 
— Risk Appetite — Resistance — Susceptibility —> 
Spatial Probability — Hazard — Risk)—The susceptible 
hazard locations can quickly reach the threshold to trig- 
ger a hazard. Therefore, these locations should be thor- 
oughly investigated and introduce nature-based 
mitigation solutions. For example, SABO dams can be 
created to control the debris flow and protect the 
surrounding areas from overflowing water. 

Implement a community-led approach to hazard Mit- 
igation at critical locations. (Risk — Risk Assessment 
— Risk Education — Risk Perception — Risk Matrix > 
Risk Appetite — Resistance — Susceptibility — Spatial 
Probability— Hazard)—The local knowledge of risk 
perception should be used to identify critical susceptible 
hazard locations and introduce structural or 
non-structural mitigation solutions to control the hazard 
magnitude. 

Prioritise ecosystem solutions at locations which can 
trigger hazards of high magnitude. (Risk — Risk 
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Assessment — Risk Matrix — Risk Appetite — Resis- 
tance — Susceptibility — Magnitude — Hazard)—It is 
important to Identify and mitigate the hazard with high 
magnitudes, by introducing structural or non-structural 
solutions. Here hazard mitigation is concerned with 
reducing or eliminating the triggering factors that lead 
to a high-magnitude hazard. For example, groundwater 
levels in the landslide-prone area have significantly 
influenced the triggering of landslides. Therefore, hori- 
zontal drains can be applied to remove the excess water 
on the slope to reduce the magnitude of the triggering 
factors. 

12. Deploy community-based Hazard Mitigation 
applications for reducing hazard magnitudes (Risk 
— Risk Assessment — Risk Education — Risk Percep- 
tion — Risk Matrix — Risk Appetite — Resistance —> 
Susceptibility — Magnitude — Hazard)—Some mea- 
sure leads to reducing the hazard magnitude or slowing 
down the event. For example, flood weirs and 
SABO dams were constructed to control the flood 
water and debris flow speeds. This structural measure 
leads to reducing the hazard magnitude and reducing 
impacts. 

13. Communities can understand the hazard triggering 
factors’ temporal variations: (Risk — Risk Assess- 
ment — Risk Matrix — Risk Appetite — Resistance 
— Triggering Factors — Temporal Probability — Haz- 
ard —Risk)—The strategy focuses on understanding the 
triggering factor’s frequencies. Accordingly, the com- 
munity can take disaster preparedness actions if they 
know the triggering factors’ changes. For example, rain- 
fall is a triggering factor for landslides, and the commu- 
nity should be aware of the frequency of rainfall changes 
with time. 

14. Implement hazard mitigation applications to reduce 
hazard frequencies by communities: (Risk — Risk 
Assessment — Risk Education — Risk Perception —> 
Risk Matrix — Risk Appetite — Resistance — Trigger- 
ing Factors — Temporal Probability — Hazard 
—Risk)—This strategy focuses on reducing hazard 
frequencies by application of mitigation measures. For 
example, soil erosions occur due to rapid water flow 
from mountainous areas. However, the forest areas act 
as water sponges, gradually releasing the water to the 
downslope areas. Therefore, it helps to reduce the hazard 
frequencies in the downslope areas. 


Selecting appropriate strategies for risk reduction is 
challenging in disaster risk assessment. The application of 
risk reduction strategies is discussed in the risk 
response stage, which needs to be more focused in the 
research study. 
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4.3 Future Research Requirements 

The mind map was converted into a risk perspective network 
diagram by establishing the connections between the 
variables, and identified literature percentage values could 
be assigned as the node weight. The edge distance was 
considered a constant value equal to one. A graph was devel- 
oped using the Gephi Software, and analysis of the network 
parameters aligned risk perspectives. The discussion was 
based on the above analysis. 

The graph structure with various risk perspectives 
presented in Fig. 4 was analysed using the following three 
tests to identify the key risk perspectives that should be 
further researched: (1) degree of nodes, (2) closeness central- 
ity, and (3) eigenvector centrality. 

Test 1: The degree of a node represents how many 
connections it has to other nodes in a graph. The higher the 
degree, a node has more influence on other nodes. Figure 6 
shows the degree of nodes of all the risk perspectives. In this 
figure, the size of the node represents the degree of the node 
(the larger the circle higher the degree), and the colour varia- 
tion represents how well it is researched (the darker the 
colour, the higher the number of research publications). 
These two variables are illustrated in Fig. 7 as a bar chart, 
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with blue bars representing the degree of nodes (Degree) and 
red bars representing the research density(Node_w). This 
analysis assumes that nodes with a higher degree of nodes 
but with fewer research publications need further research. 

This analysis shows that resilience has the highest degree 
of node value, and hazard has the highest research 
publications. It is clear that further research is required 
in the areas such as Resilience, Risk treatment, risk termina- 
tion, susceptibility, Risk education, and risk Predictive 
behaviour. 

Test 2: The closeness centrality of the network was 
assessed to understand the most central risk perspective of 
the risk assessment. Nodes with the highest closeness cen- 
trality are considered as important and significant in a graph. 
Accordingly, a network graph was developed representing 
the node size as closeness centrality (the larger the node 
higher the closeness centrality) and colour density 
representing research density (the darker the colour, the 
higher the number of research publications), as shown in 
Fig. 8. These two variables are illustrated in Fig. 9 as a bar 
chart, red bars representing the closeness centrality and blue 
bars representing the research density. This analysis assumes 
that nodes with higher closeness centrality but with fewer 
research publications need further research. 
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Fig. 6 Test 1 results based on the degree of nodes and research density 
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Fig. 7 Test 1 a results as a bar 
chart 
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Figure 8 and 9 indicate that the risk appetite has the 
highest closeness centrality value of the network and 
highlights the need for further research in risk perspectives 
such as risk appetite, risk communication, risk treatment, 
critical curves, judgment curves, and risk identification. 

Test 3: Eigenvector centrality was assessed to understand 
the common nodes in the shortest path that have been ade- 
quately researched. Accordingly, a network graph was used 
to analyse this test. 

Figure 10 shows the integrated network diagram of risk 
perspective density and eigenvector centrality. The signifi- 
cance of eigenvector centrality lies in its ability to capture the 
idea of “prominence” within a network. Nodes with high 
eigenvector centrality are not only well-connected but are 
also connected to other highly central nodes, making them 
influential within the network. Therefore, the eigenvector 


Treat 

Risk 
Terminate 
Risk Apatite 
Vulnerability 
Hazard 
Resilience 


0.0% 20.0% 40.0% 60.0% 80.0% 100.0% 


il i nn 


@Node w mDegree 


centrality of each node was calculated to identify the most 
influential risk perspectives. Figure 10 shows eigenvector 
centrality (the larger the node, the higher the eigenvector 
centrality) and colour density representing research density 
(the darker the colour, the higher the number of research 
publications). These two variables are illustrated in Fig. 11 
as a bar chart, the blue bars representing the eigenvector 
centrality and the red bars representing the research density. 
This analysis assumes that nodes with higher eigenvector 
centrality but fewer research publications need further 
research. 

The analysis of Figs. 10 and 11 shows that risk 
perspectives such as vulnerability, resilience, risk communi- 
cation, and risk matrix need further research. 

The average values of the above three indicators were 
considered to understand the research by classifying them 


A Review of the Disaster Risk Assessment Perspectives 


335 


pe 7 = 
a A1 3, 
Económic ay k Fragility 
E \ È: 
Transfer H x 
Physical \ 
Governance ~ \ Sensitivity 
| | Z 
Rish{Ppette Terminate.“ | / TemporakProbability 
Tolarate Sogial =. 
j \ d- Triggering Factors 
Environmental 
Risk Perception K 
\ \ ~ Magnitude 
Treat pasure\ 
Risk Exaimination r N 
WAON 
Resistance 
Critic Curve i Spatial Rrobability 
RiskMatrix Susceptibility 
Risk-Egaluation 
Knowledge 
Risk Identification 
Judgenjent Curve ; ; : aa 
Risk Education Risk Cornmunication 
Risk Predictive Behaviour 


Fig. 8 Test2 results based on closeness centrality and research density 


into three groups based on (1) a good amount of research is 
evident (@), (2) a moderate amount of research is evident 
(©), (3) lack of research is evident (@) (See Fig. 12). 

According to this analysis, risk perspectives such as risk 
communication, risk treatment, critical curve, judgment 
curve, and risk matrix could be identified as areas requiring 
future research. 


5 Conclusion 


This research paper focused on understanding the risk assess- 
ment perspectives discussed by various researchers in the 
disaster risk domain. Accordingly, a systematic literature 
review was conducted to identify the literature, and a detailed 
review was conducted with NVIVO software’s support. As a 
result, 34 risk assessment perspectives were identified and 
plotted as a network diagram for better representation. 
Accordingly, the identified risk perspectives were discussed 
in the initial section of the research paper. 

A stock-flow diagram was developed by considering the 
network diagram, which helps to generate the overall risk 


reduction strategies. Here, the stock flow diagram helped to 
identify the balancing and reinforcing loops to determine the 
risk reduction measures. Accordingly, 14 balancing loops 
were identified and analysed to propose risk reduction 
strategies. 

Furthermore, the study analysed future research needs by 
analysing the importance of each risk perspective and the 
number of publications against each risk perspective. Conse- 
quently, the network diagram was further evaluated by 
conducting three tests on the network (degree of nodes, 
closeness centrality and eigenvector centrality). The average 
results of these three tests show that further research is 
required in areas such as risk communication, risk matrix, 
and risk treatment. 

The research outputs will be validated in the SATREPS 
case study locations specified in the landslide risk manage- 
ment in Sri Lanka. A project objective refers to strengthening 
risk communication to reduce landslide risk. Therefore, the 
community’s and stakeholder’s perceptions will be evaluated 
concerning the stock-flow diagram. The identified actions 
will be implemented under the purview of the National 
Building Research Organisation. 
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Fig.9 Test 2 result as a bar chart 
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Fig. 11 Test 3 results as a bar RESEARCH CONTRIBUTION 
chart 
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Fig. 12 Research requirement assessment 
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Abstract 


LAND-SUITE software was applied to local-scale land- 
slide susceptibility zonation in a study area (20 km?) 
located in NW Croatia, which is characterised by small 
and shallow landslides in engineering soils and hard soils- 
soft rocks. Landslide susceptibility models were prepared 
using a LiDAR-based landslide inventory, and causal 
factors derived and/or modified using high-resolution 
remote sensing data. The landslide susceptibility analysis 
was carried out using different statistical methods and 
mapping units. As a result, we obtained ten susceptibility 
maps, classified into five zones based on modelled land- 
slide probability. The main objective of this paper is to 
analyse the use of LAND-SUITE for deriving susceptibil- 
ity zonations, useful to support applications in a spatial 
planning system on a local scale. One of the most valuable 
advantage of LAND-SUITE is that the selection of the 
appropriate causal factor maps can be performed using 
simple decisions based on multiple analyses, including 
multicollinearity tables and correlograms. The evaluation 
of the susceptibility models allowed to conclude that the 
pixel-based map represents the best option for application 
in a local-level spatial planning system, although it 
requires “post-processing” of the susceptibility zones to 
produce clustered and homogeneous information. LAND- 
SUITE has proven to be a valuable tool for testing numer- 
ous landslide susceptibility hypotheses. 
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1 Introduction 


The main problem in the existing landslide risk management 
practice in Croatia is the lack of analytical landslide maps and 
the absence of their application in the spatial planning and 
civil protection system (Mihalić Arbanas et al. 2023). There- 
fore, the main objective of the project “Methodology devel- 
opment for landslide susceptibility assessment for land-use 
planning based on LiDAR technology (LandSlidePlan)”, 
funded by the Croatian Science Foundation (Bernat Gazibara 
et al. 2022), was the development of landslide susceptibility 
assessment on a local scale using high-resolution remote 
sensing data. Within the project, part of the landslide suscep- 
tibility modelling (LSM) was carried out with LAND- 
SUITE, a suite of tools for statistically-based susceptibility 
zonation developed by Rossi et al. (2021a). As identified by 
Malamud et al. (2014), the literature often lacks comprehen- 
sive assessments of landslide susceptibility modelling and 
LAND-SUITE provides reliable susceptibility modelling, 
comprehensive model evaluation and validation tools, and 
the possibility to prepare high-quality susceptibility maps. 

Together with the definition of the most important land- 
slide causal factors, the selection of an appropriate mapping 
unit and statistical method is a critical phase in LSM 
(Reichenbach et al. 2018). In this work, the selection of 
appropriate landslide causal factors was the first step to 
prepare an LSM. Moreover, we considered 5 m x 5 m regular 
grid cells and slope units (Alvioli et al. 2016), and 
investigated the effect of different statistical methods on 
training LSM using both types of mapping units for applica- 
tion on a local level, i.e. scale 1:5000. 

The LSM was conducted for a study area in Hrvatsko 
Zagorje (NW Croatia), characterised by small and shallow 
landslides, where most known failures endanger buildings, 
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roads and other infrastructure. For the study area, high- 
resolution LIDAR DTM was used to prepare a detailed land- 
slide inventory and some causal factors (Sinčić et al. 2022). 
Furthermore, based on the landslide susceptibility assess- 
ment, it was crucial to disseminate location-based disaster 
risk information to decision-makers and the general public in 
an appropriate format that can easily be understood and 
implemented (Mihalić Arbanas et al. 2023). 


2 Study Area 


The study area of 20.2 km? is located in the Hrvatsko Zagorje 
region, Croatia (Fig. 1). The area is part of the mega- 
geomorphological region of the Panonian Basin and the 
macro-geomorphological region of the Mountain valley 
area of NW Croatia (Bognar 2001). The area is characterised 
by a steep morphology, with 71% of its surface having a 
slope higher than 12°. 

According to the Basic Geological Map of Croatia, the 
area is composed of Miocene (78%), Quaternary (14%) and 
Triassic sediments (7%) (Aničić and Juriša 1984; Šimunić 
et al. 1982). The north-eastern part is composed of Triassic 
sediments: sandstones, shales and dolomites of Lower Trias- 
sic, and dolomites, limestones and dolomitised breccias of 
Middle Triassic. Most of the area is composed of Miocene 
sediments represented by sandstones; marls; sands; tuffs 
(Burdigalian); biogenic, sandy, and marly limestones; calcar- 
eous marls; and sandstones (Tortonian). The youngest 
sediments are the Quaternary formations, predominantly 
composed of sands, silts and gravels, and associated with 
flat valley terrain around streams and rivers. 

The climate is continental with a mild maritime influence, 
with mean annual precipitation (MAP) value of approx. 
830 mm, according to the meteorological station located 
30 km east from the area (DHMZ 2022). Rainfall and rapid 
snow melting are considered the main landslide-triggering 
factors, as common in NW Croatia (Bernat et al. 2014). 

According to the land use information obtained by Sinčić 
et al. (2022), the area is covered by forest and high vegetation 
(73%), agricultural zones and low vegetation (24%) and 
artificial zones (3%). The area is not densely populated, but 
landslides cause significant damage to buildings, roads and 
other infrastructures. 


3 Methods and Materials 
3.1 LAND-SUITE Software 
LAND-SUITE is open-source software and consists of three 


modules: i.e., LAND-SIP (LANDslide Susceptibility Input 
Preparation), LAND-SVA (LANDslide Susceptibility 
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Variable Analysis), and LAND-SE (LANDslide Susceptibil- 
ity Evaluation). The software allows the user to execute 
different landslide susceptibility applications and zonation 
using statistically based analyses. In this paper, we briefly 
summarise the main software characteristics entirely derived 
from Rossi et al. (2021a), where the software code, a user 
guide and major functionalities are explained in detail. 

LAND-SIP is used to prepare training and validation 
datasets. Different parameters enable applying numerous 
scenarios based upon the selection of: (i) balanced or unbal- 
anced random sampling; (ii) subsampling or sampling reduc- 
ing partitions; and (iii) spatially or temporally-based datasets 
partition. 

LAND-SVA enables the development of multicollinearity 
tables and correlograms, evaluation the correlation between 
landslide causal factors. Moreover, outputs such as condi- 
tional density analysis, density plots, conditional density 
plots, histogram plots and mosaic plots enable insight into 
the causal factors leading to the selection of the most signifi- 
cant thematic data for the analysis. 

The main advantage of LAND-SE is the possibility to 
apply four commonly used statistical methods, i.e., Logistic 
Regression model (LRM), Linear Discriminant Analysis 
(LDA), Quadratic discriminant analysis (QDA), Neural net- 
work analysis (NNM), and combining them in a model 
ensemble (CFM) considering different mapping units, i.e., 
vectors and rasters. LAND-SUITE allows to prepare suscep- 
tibility maps of the highest Susceptibility Quality Level, i.e., 
SQL index, as defined by Guzzetti et al. (2006a, b) and 
additionally illustrated in Reichenbach et al. (2018). 
LAND-SUITE or some of its modules have already been 
used to perform landslide susceptibility assessments in 
other test areas (e.g., Rossi et al. 2021b; Bornaetxea et al. 
2018, 2023; Schlögel et al. 2018). 


3.2 Landslide Inventory and Unstable Slope 


Units 


The geomorphological landslide inventory map of the 
Hrvatsko Zagorje is the result of the visual interpretation of 
high-resolution LiDAR DTM derivates (Krkaé et al. 2022). 
The LiDAR DTM for landslide mapping was derived at 
0.3 m resolution from a point cloud with a density of 16 pt./ 
m”. Considering small and shallow landslides that domi- 
nantly occur in NW Croatia, detailed landslide mapping 
was performed using the highest possible DTM resolution. 
Initially, 904 landslides were mapped and dominantly 
classified as shallow soil slides. From the total number of 
landslides, 24% were randomly selected and checked in the 
field. From the 214 checked phenomena, 20 landslides were 
rejected, and 28 were additionally mapped in the field and 
added to the inventory. The total number of landslides is 
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Fig. 1 Location of the Hrvatsko Zagorje study area 


912 (Fig. 2). The total area of the mapped landslides is 
0.408 km”, corresponding to 2.02% of the study area with a 
mean density of approx. 45 slope failures per square 
kilometre. 

The area of the recorded landslides ranges from a mini- 
mum value of 3.3 m° to a maximum of 13,779 m?, with an 
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Slope angle (°) 


average of 448 m° (median = 173 m°, std. dev. = 880 mô. 
The most frequent landslide size in the inventory is 200 m? 
and almost 85% of the landslide bodies showed a size ranging 
between 40 and 2000 m°. The small size of the landslides can 
probably be explained by the geological (mainly Miocene 
marls covered with residual soils) and geomorphological 
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Fig. 2 LiDAR-based landslide inventory, and stable and unstable slope units used for landslide susceptibility modelling for the study area in 


Hrvatsko Zagorje 


conditions, with the differences between the valley bottoms 
and the top of the hills rarely higher than 100 m (Krkač et al. 
2022). 

For the slope unit delineation, we used r.slopeunit soft- 
ware described in Alvioli et al. (2016). The software is a 
GRASS GIS module designed for the automatic and adaptive 
delineation of slope units based on a digital terrain model and 
a set of user-defined input parameters. In the study area, the 
most suitable size of the slope units was obtained with the 
following input parameters: flow accumulation area threshold 
(0) 6000 m; minimum slope planimetric area 
(a) = 1000 m?; minimum circular variance of terrain aspect 
within each slope unit (c) = 0.2; reduction factor (r) = 2; 
threshold value for the cleaning procedure (clean 
size) = 448 m’. 

The result of r.slopeunit is a partition of 2994 slope units 
ranging from 517 m° to 47,415 m° with an average size of 
6747 m?. The percentage of landslide area in each slope unit 
was used to classify stable or unstable units. In particular, 


slope units containing >5% of landslide area are classified as 
unstable. As a result, 342 slope units (11.4%) were classified 
as unstable. 


3.3 Landslide Causal Factors 
Landslide causal factor maps used for landslide susceptibility 
mapping can be divided into four main groups: (1) geomor- 
phological factors; (2) geological factors; (3) hydrological 
factors; and (4) anthropogenic factors. A list of 22 factor 
maps, with their minimum and maximum values, class 
increments and the number of classes, are shown in Table 1. 

Maps of the geomorphological factors (elevation, slope 
gradient, slope orientation, contour density, curvature, rough- 
ness and terrain dissection) were derived from the 5 m reso- 
lution LIDAR DTM. 

Maps of the geological factors were initially derived from 
the Basic Geological Map of the Republic of Croatia at 1: 
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Table 1 Landslide causal factor maps prepared for the study area in Hrvatsko Zagorje 


Group Landslide casual factor map ID 
Geomorphological Elevation dem 
factors Slope gradient slp 
Slope orientation asp 
Contour density line_d 
Terrain curvature curv 
Terrain roughness rt 
Terrain dissection sar 
Geological factors Lithology (rock type) litho 
Engineering formations (LiDAR- eng f 
based) 
Proximity to geological contact p_litho 
Proximity to engineering formation p_eng_f 
contact 
Proximity to faults p_fit 
Hydrological Proximity to drainage network dn 
factors Proximity to springs spr 
Proximity to permanent streams str_pr 
Proximity to permanent and str_pr_t 
temporary streams 
Topographic wetness cti 
Anthropogenic Land use Ind_u 
factors Proximity to buildings d_obj 
Proximity to roads p_rod 
Proximity to buildings and roads obj_rod 
Proximity to land use boundary p_Ind_u 


100,000 scale. However, field verifications showed signifi- 
cant deviations between the geological map and actual geo- 
logical contacts (Sinčić et al. 2022). Therefore, engineering 
geological formations were additionally mapped by 
modifying the geological contacts and adding superficial 
slope-wash and talus sediments using LiDAR DTM 
derivatives, according to Jagodnik et al. (2020a, b). Combin- 
ing small-scale geological maps and LiDAR DTM 
derivatives resulted in significantly reduced deviations from 
the actual environmental conditions, except for the geological 
structures, i.e., fault data set (Sinčić et al. 2022). 

The hydrological group of causal factors include the drain- 
age network, springs, permanent and temporary streams, and 
a topographic wetness index. Topographic wetness index and 
proximity to the drainage network were derived from the 
LiDAR DTM. In addition, springs, permanent and temporary 
streams were digitised from the topographic maps of the 
Republic of Croatia at 1:25,000 scale. 

The information related to the anthropogenic factors was 
derived from: (1) 0.5 m orthophoto of the Republic of 
Croatia; (2) 0.3 m resolution LiDAR DTM; (3) Open Street 
Map (OSM); and (4) land-use planning maps. The complex 
acquisition process of deriving high-resolution land use data, 
buildings and road inventory, with different processing 
methods such as image classification and digitisation, is 
described in detail in Sinčić et al. (2022). 
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Min. Max Class No. of Input data for final 

value value increment class LSM 

222) 680 50 10 No 

0 71 5 11 No 

0 360 45 8 Yes 

0 0.19 0,02 9 No 

—125 142 a 8 Yes 

25 79 0.25-1 8 No 

(0) 1 0.1 10 No 

— — — 7 No 

— — — 5 Yes 

0 650 50 12 No 

0 >550 50 10 Yes 

0 >1200 100 11 No 

0 >120 10 13 Yes 

0 >1400 100 15 No 

0 >1900 100 20 No 

0 >700 100 8 Yes 

1 20 2/4 8 No 

— — — 4 No 

(0) >700 25/50 17 No 

(0) >150 25/50 6 No 

0 >150 25/50 6 No 

0 >450 25/50 12 Yes 
4 Results 


The landslide training dataset for pixel and slope-unit land- 
slide susceptibility analysis was defined in LAND-SUITE by 
a random selection of 50% of the unstable mapping units. 
Regarding the pixel-based analysis, landslides were pixel- 
sampled (see case C, Fig. | in Rossi et al. 2021a), i.e., 50% 
of each landslide polygon was used as a training dataset. 
Then, an equal amount of stable mapping units for the land- 
slide training dataset were randomly selected in the 
remaining study area. 

In this analysis, we first adopted grid cells as mapping 
units and applied LAND-SVA to ensure that only significant 
landslide causal factors were used for susceptibility 
modelling. The continuous variables were classified 
heuristically based on researchers’ previous studies (Sinčić 
et al. 2022). For categorical variables, we computed fre- 
quency ratio (FR) values for each class and used them as 
relative values for their transformation into continuous 
variables. Next, the significance of the 22 potential causal 
factors (Table 1) for the susceptibility modelling was 
evaluated by observing the loss of model fitting performance 
in terms of Area Under Curve value and their associated 
Receiver Operating Characteristic curves (AUCroc) when 
removing each single factor from the analysis (ie., 
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Fig. 3 Results of LAND-SVA evaluations used to define the final set of causal factors for LSM. In the Hrvatsko Zagorje study area were available 
22 variables. The figure shows results of: (a) pairwise correlation test; and (b) Leave One Out test 


performing a Leave One Out test, see Fig. 3). Variables were 
considered pairwise correlated when the correlation coeffi- 
cient was greater than 0.5 with a significance level of 0.01. In 
such a case, an objective criterion for variable selection was 
the variable’s lower or irrelevant influence on the overall 
model fitting performance (AUCpoc). The final set of 
variables used for grid-based statistical models was also 
used for the slope unit modelling. The following set of 
variables was selected to produce pixel and slope-unit based 
landslide susceptibility maps: slope orientation, terrain cur- 
vature, engineering formations, proximity to engineering for- 
mation bcontact, proximity to drainage network, proximity to 
permanent and temporary streams, and proximity to land use 
boundary (Table 1). Also, LAND-SVA_ showed that 
multicollinearity problems between selected variables were 
not present. 

LAND-SE was used to prepare landslide susceptibility 
maps, i.e., four single statistical models (LRM, LDA, QDA, 
NNM) and one combined model (CFM) for the two mapping 
units (5 m x 5 m grid cells and slope units). The fitting 
performance of the LSM zonations was evaluated quantita- 
tively with the AUCroc and the Cohen’s Kappa index 
(Table 2). 

Using the training landslide pixel sample, we evaluated 
the model fitting performance (AUC) for the pixel-based 


susceptibility maps. The ROC values indicate similar model 
fitting performance for the LRM (AUC = 0.775) and the 
LDA (AUC = 0.773) models with similar results for the 
Cohen’s Kappa index (Table 2) (k = 0.389 and k = 0.389). 
The lowest model fitting performance was obtained for the 
QDA model (AUC = 0.759 and k = 0.350), while the highest 
was obtained for the NNM model (AUC = 0.793 and 
k = 0.431). The combined model (CFM) has a similar fitting 
performance as the NNM (AUC = 0.79 and k = 0.432). 

We evaluated the model fitting performance (AUC) for the 
slope-based susceptibility maps using the slope units training 
sample. The ROC values indicate similar model fitting per- 
formance (Table 2) for the LRM (AUC = 0.764) and the 
QDA (AUC = 0.745) models and slightly higher perfor- 
mance for the LDA model (AUC = 0.766). The highest 
model fitting performance was for the NNM model 
(AUC = 0.854). The Cohen’s Kappa index is similar for all 
four models (k = 0.314—0.364). The combined model (CFM) 
has a similar fitting performance as the NNM (AUC = 0.837 
and k = 0.383). 

The probability of landslide occurrence obtained for each 
of the ten LSM was classified into five susceptibility classes 
(Fig. 4): very low (values ranging from 0-0.2), low 
(0.2-0.45), medium (0.45-0.55), high (0.55—0.8) and very 
high (0.8—1). Mapping units with a probability value ranging 
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Table 2 Model evaluation metrics for ten landslide susceptibility models prepared with LAND-SUITE 


Area (%) of landslide susceptibility classes based on modelled probability 


Cohen’s Kappa Very low Low Medium High Very high 
Method AUC index (0-0.2) (0.2-0.45) (0.45—.0.55) (0.55—0.8) (0.8-1) 
Pixel-based susceptibility models 
LRM 0.775 0.389 22.94 35.10 14.09 23.65 4.21 
LDA 0.773 0.389 21.39 34.09 14.53 26.19 3.79 
QDA 0.759 0.350 30.09 12.73 7.20 32.43 17.55 
NNM 0.793 0.431 31.48 PAS) 11.77 26.22 3.21 
CFM 0.791 0.432 34.93 25.71 9.58 26.10 3.69 
Slope-unit based susceptibility models 
LRM 0.744 0.314 1595 25.06 21.17 37.41 2.76 
LDA 0.766 0.313 11.50 24.22 22.93 39.18 P52 
QDA 0.745 0.325 8.45 12.04 46.43 13.78 19.66 
NNM 0.854 0.364 27.63 1.46 61.39 0.05 9.82 
CFM 0.837 0.383 27.59 3.85 23.07 36.22 9.63 


from 0.45 to 0.55 correspond to the locations where the 
model shows the higher classification uncertainty. Consider- 
ing the pixel-based LSMs, the QDA has the lowest number of 
mapping units classified in the medium class (7.20%), and 
the LDA model has the highest value (14.53%). Generally, 
slope-based LSMs show a higher number of mapping units 
classified in the medium class, with the LRM, LDA and CFM 
models having the lower number (from 21.17% to 23.07%) 
and the NNM model with the higher (61.39%). 

Considering only the AUC values, the NNM model and 
the slope-unit could be considered the best combination, but 
this zonation shows the largest number of mapping units 
classified in the medium class, which corresponds to a very 
large part of the study. In addition, the pixel-based combined 
susceptibility zonation (CFM) shows the best fitting perfor- 
mance (AUC = 0.793, k = 0.432, u = 9.58%) among the ten 
models obtained with LAND-SUITE. 


5 Discussion 


The focus of this work was to test LAND-SUITE for land- 
slide susceptibility modelling, including the selection of the 
appropriate causal factors and the analysis of various statisti- 
cal models and mapping units. The analysis was conducted 
for a small study area (20 km’) which can be considered 
representative to propose a methodology for LSM on a 
large scale and an example in the Croatian spatial planning 
system. 

In previous work, Sinčić et al. (2022) prepared and 
analysed high-quality input data derived from high-resolution 
remote sensing data, i.e., LIDAR data and orthophoto maps, 
useful for landslide susceptibility assessment in the study 
area. We have evaluated a large number of geomorphologi- 
cal, geological, hydrological and anthropogenic data as 
variables, since general criteria or guidelines for the selection 


of causal factors for susceptibility modelling are not 
available. 

LAND-SVA multicollinearity analysis and correlograms 
facilitate the selection of relevant explanatory variables. All 
explanatory variables with low impact on model fitting per- 
formance and/or correlation coefficient higher than 0.5 were 
omitted from the analysis. From the 22 original factor maps, 
only 6 were selected, considering the lack of variable rele- 
vance on the susceptibility model and following the rule “less 
is more”, avoiding over-parameterisation issues. 

All model evaluation tests indicate that pixel-based 
models have better model fitting and accuracy than slope- 
unit based models, regardless of the statistical method. How- 
ever, the overall performances of the pixel-based susceptibil- 
ity maps presented are of good-to-fair fitting capacity, with 
AUC values ranging between 0.759 to 0.793 and Cohen’s 
Kappa index ranging between 0.35 to 0.43 which can be 
described as moderate (Table 2). Nevertheless, our main 
interest was not preparing a definitive landslide susceptibility 
map for the study area, but testing the possibility of using 
LAND-SUITE for large-scale landslide susceptibility 
modelling, applying different mapping units and analysing 
differences on final landslide susceptibility maps. In the 
future, a more detailed analysis of the input data for LSM 
will be performed because the availability of new and rele- 
vant geo-environmental information can result in better and 
more reliable susceptibility models and  zonations 
(Reichenbach et al. 2018). 

Statistical landslide susceptibility zonations were quanti- 
tatively assessed for the entire study area by comparing the 
total area (Table 2) and the spatial distribution of the suscep- 
tibility classes (Fig. 4). The pixel and slope unit-based sus- 
ceptibility assessment significantly differ for the type of 
information provided. To emphasise the large-scale applica- 
tion and to highlight the difference between the ten models, 
detailed views of the derived maps are presented in Fig. 5. 
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Slope-based landslide susceptibility modelling 


5 m pixel-based landslide susceptibility maps 
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Fig. 4 Pixel and slope unit-based landslide susceptibility maps for the study area located in Hrvatsko Zagorje prepared using LAND-SUITE. 
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Slope-based landslide susceptibility modelling 


5 m pixel-based landslide susceptibility maps 
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Fig. 4 (continued) 
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Fig. 5 Close-up views for pixel and slope unit-based landslide suscep- LRM = Logistic regression model; QDA = Quadratic discriminant 
tibility maps of the study area in Hrvatsko Zagorje prepared using analysis; NNM = Neural network analysis; CFM = Combined model 
LAND-SUITE. Legend: LDA = Linear discriminant analysis; 


Application of LAND-SUITE for Landslide Susceptibility Modelling Using Different. . . 


The close-up extents show the distribution of susceptibility 
classes together with existing landslides, buildings, roads and 
water bodies. Moreover, susceptibility zonation on close-up 
extents can be discussed, considering their further applicabil- 
ity in the spatial planning system. One important conclusion 
is that a pixel-based map represents a better option due to 
higher model accuracy and better relation with existing 
landslides. Although, pixel-based maps require “post- 
processing” of the susceptibility zones to produce more clus- 
tered and homogeneous information for the final purpose, 
i.e., application in a local-level spatial planning system. 
Moreover, slope-based maps have a higher relation with the 
topography, reduced mapping errors and are more appropri- 
ate for further applications. The problem is that the size of 
slope units derived for this analysis does not correspond well 
with the scale of landslides susceptibility assessment and 
would be more appropriate at the regional level. 


6 Conclusion 


The landslide susceptibility analysis for part of the Hrvatsko 
Zagorje (20 km?) was performed using the LiDAR-based 
landslide inventory (Krkač et al. 2022) and causal factor 
maps derived and/or modified with high-resolution remote 
sensing data (Sinčić et al. 2022). We applied five statistical 
methods in LAND-SUITE (Rossi et al. 2021a), i.e., four 
single statistical models (LRM, LDA, QDA, NNM) and one 
combined model (CFM), for two different types of mapping 
unit, (i.e., 5 m x 5 m regular grid cells and slope units). In 
both cases, an equal number of unstable and stable units were 
randomly selected as training datasets. The original 22 causal 
factors was checked for mutual collinearity, and only six 
were classified as significant for LSM (i.e., slope orientation, 
terrain curvature, engineering formations, proximity to engi- 
neering formation contact, proximity to drainage network, 
and proximity to permanent and temporary streams, and 
proximity to land use boundary). 

Among the pixel training samples, the best model fitting 
performance was obtained for the NNM (AUC = 0.793 and 
k = 0.431) and the combined (CFM) models (AUC = 0.79 
and k = 0.432). Similarly, the best model fitting performance 
for the slope-unit was obtained for the NNM (AUC = 0.854 
and k = 0.364) and the combined (CFM) models 
(AUC = 0.837 and k = 0.383). 

The probability of landslide occurrence for each of the ten 
models was classified into five susceptibility classes. The 
pixel and slope unit-based maps displayed differences in the 
information detail, indicating that pixel-based models are 
more appropriate for the local-level spatial planning system. 
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In this work, LAND-SUITE proved to be a helpful tool for 
testing landslide susceptibility hypotheses and searching for 
new insights in landslide applications. Moreover, LAND- 
SUITE allowed efficient statistically-based modelling and 
massive code execution, mainly due to the availability of its 
command line interface (Rossi et al. 202 1a). 
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Abstract 


The University of Belgrade, Faculty of Mining and Geol- 
ogy has been involved in landslide risk reduction activities 
at the national, regional, and site-specific levels in Serbia 
for decades. Since 2011 the Faculty has had several 
activities closely connected with the International Consor- 
tium on Landslides, including the International 
Programme on Landslides Projects 181, 210 and 248, as 
well as World Centre of Excellency (WCoE) from 2017. 
In the past decade the Faculty of Mining and Geology was 
involved in several national, regional and local projects 
funded by the People of Japan, UNDP and The World 
Bank on landslide risk reduction in Serbia, Bosnia and 
Herzegovina and North Macedonia. They all closely 
involved many stakeholders from national to local 
authorities including Ministries, Local Self Governments, 
Public Enterprises, Emergency Offices and Civil Protec- 
tion units. In this report, the activities of WCoE for 
national and local authorities on landslide risk reduction 
will be presented. 
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1 Introduction 


The University of Belgrade, Faculty of Mining and Geology 
(UBFMG) has been a full member of the International Con- 
sortium on Landslides (ICL) since 2011 and has been gradu- 
ally intensifying its contributions to the ICL worldwide 
efforts for landslide risk reduction and international promo- 
tion of landslide research. UBFMG has been awarded the title 
of the World Centre of Excellence (WCoE) in Landslide Risk 
Reduction (2017—2023). UBFMG has contributed to Interna- 
tional Programme on Landslides (IPL) with several research 
projects approved by the IPL Global Promotion Committee, 
but also by publishing in the Journal of the International 
Consortium on Landslides and organizing the second and 
the sixth Regional Symposium on Landslides in the 
Adriatic-Balkan Region (Arbanas and Arbanas 2022). 
Finally, it has contributed through active involvement in the 
ICL regional networks, i.e., ICL Adriatic-Balkan Regional 
Network from 2012 (Mihalić Arbanas et al. 2013). 

UBFMG has contributed to several UNDP and World 
Bank and Global Facility for Disaster Reduction and Recov- 
ery (GFDRR) activities in Serbia and throughout the Balkan 
region (Bosnia and Herzegovina, North Macedonia), work- 
ing on landslides risk reduction projects (national, regional 
and municipality level), with special attention on climate 
changing conditions. UBFMG is supporting idea of open 
landslides data and contributes to ICL World Report on 
Landslides (Abolmasov et al. 2017a), as well as to the 
National Landslide Database in Serbia. In the last few 
years, it is an active member of the Serbian National Emer- 
gency Bodies for landslide risk reduction. UBFMG has 
signed KLC2020 and strongly contributes to the Sendai 
Framework for Disaster Risk Reduction 2015-2030. 
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2 General Data 


The Republic of Serbia is located on the Balkan Peninsula in 
south-east Europe (Fig. 1), covering an area of 88,499 km? 
and with a population of 6,647,000, according to the data 
from the Statistical Office of the Republic of Serbia from 
2022 (http://www.stat.gov.rs/). 

It is a parliamentary republic and has a non-symmetric 
territorial organization. This administrative organization is 
inherited from the ex-Yugoslavia period and today, it is 
slightly changed by the National nomenclature of statistical 
territorial units (NUTS). The Republic of Serbia is divided 
into 5 regions (NUTS2), 29 administrative districts (NUTS3), 
197 municipalities (LAU1) and 6158 settlements (LAU2). 

The territory of Serbia is a hilly to low-mountainous 
country with many lowlands (around 36% of the Serbian 
territory is below 200 m), mostly in the northern part of the 
country around the Pannonia plain. Almost 45% of the terri- 
tory consists of very gentle slopes (up to 5 degrees), while 
15% is rugged mountains with slopes greater than 15 degrees 
mainly in the central and southern parts of the country. The 
hydrological system in Serbia consists of several interna- 
tional rivers and significant national rivers, almost all of 
which drain into the Black Sea, except Pčinja River which 
drains into the Aegean See. Only the Danube (588 km), Sava 
(206 km) and Tisa (168 km) rivers are navigable all the way 
through Serbia. 

Serbia’s climate is influenced by the Eurasian landmass, 
the Atlantic Ocean, and the Mediterranean Sea. Most of the 
country has a mid-continental climate with cold winters and 
hot summers and relatively well-distributed rainfall patterns. 
The recent report from the Hydrometeorological Service of 
Serbia provides the spatial distribution of annual averages for 
temperature and precipitation sum across the territory of the 
Republic of Serbia for the reference period 1981-2010. 
Annual mean temperature varies, and most of territory has 
the temperature between 10.1—12.0 degrees. Annual mean 
precipitation is from 557 mm in Kikinda (north of Serbia) 
to 1018 mm in Zlatibor (southwest Serbia) for the same 
reference period. Annual mean precipitation varies from 
500-600 mm in the central to 700-1000 mm in the western 
part of Serbia. 


3 Landslides Risk Reduction on a National 
Level 


The Republic of Serbia is prone to natural disasters such as 
floods, flush floods, and droughts, but also to geological 
hazards like landslides, rockfalls and flows, which can 
cause significant damage to infrastructure and livelihoods. 
The main geological climate-related hazards in Serbia are 
landslides in general (the common ones being slides, flows 
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and falls). Due to complex geological history and terrain 
composition, in combination with morphological and climate 
characteristics, 16% of the territory is affected by landslides 
(Abolmasov et al. 2017c). 

In the third week of May 2014, Serbia and Bosnia and 
Herzegovina experienced its most severe floods in the last 
120 years, caused by Cyclone Tamara. Huge amounts of 
rainfall of 250 to 400 mm for 3 days caused sudden and 
extreme flooding of several rivers—in particular, the Sava 
River, but also the Drina River, the Bosna River, the Una 
River, the Sana River, the Vrbas River, the Kolubara River, 
the Morava river and their tributaries. In western and central 
Serbia for instance, daily precipitation on May 15 exceeded 
the expected average for the entire month (Marjanović et al. 
2018b). Urban, industrial and rural areas were completely 
submerged, cut off without electricity or communications and 
roads and transport facilities were damaged. As a result, 1.6 
million persons (one-fifth of the population) were directly or 
indirectly affected in Serbia. The floods and landslides 
caused 51 casualties and around 32,000 people were 
evacuated (Abolmasov et al. 2021). The Serbian Recovery 
Needs Assessment (RNA) revealed that the total effects of the 
disaster in the 24 affected municipalities amount to EUR 
1.525 billion (equal to 3% of the Serbian Gross Domestic 
Product). The Faculty of Mining and Geology participated in 
RNA in May-June 2014 (Marjanović et al. 2017; Abolmasov 
et al. 2017c). 

In the aftermath of the 2014 floods, Serbia adopted a 
National Disaster Risk Management Program (NDRMP) 
aiming to make a critical paradigm shift towards proactive 
management of disaster risks and increase the country’s 
resilience to natural disasters. NDRMP was structured 
under six main pillars of action: (i) institutional 
strengthening; (ii) risk identification and monitoring; (iii) 
structural and non-structural risk reduction measures; 
(iv) preparedness and early warning; (v) disaster risk 
financing and insurance solutions; and (vi) resilient recovery. 
The main challenge under the NDRMP was to build an 
appropriate and longstanding system for Disaster Risk Man- 
agement (DRM) in the country, where different institutions 
work together to systematically reduce existing risks, avoid 
the creation of future risks, and respond more efficiently to 
disasters. 

The Emergency Sector under the Ministry of Interior of 
the Republic of Serbia 2019 assembled a working group that 
included specialists in the field of corresponding hazards, 
primarily floods and landslides to develop scenarios and 
generate corresponding hazard maps at the national level. 

Furthermore, “Natural and Technological Risk Assess- 
ment of the Republic of Serbia” has been adopted under the 
Law on Disaster Risk Reduction and Emergency Manage- 
ment. National Disasters Risk Assessment and the landslide 
susceptibility map at the national level (1:300,000) reached 
its finalization in 2020 (Fig. 2). The map was prepared by 
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Fig. 1 Geographical position of the Republic of Serbia 


Marjanović et al. (2020),' by using the Analytical Hierarchy 
Process (AHP) and it is published as hazard layer at Disaster 
Risk Register of the Republic of Serbia. 

The map was used further for national road and railway 
network exposure assessment. Beneficiaries (Public Enter- 
prise Roads of Serbia and Public Enterprise Railway Infra- 
structure) and end-users are welcome to include results in 
other application fields. 


4 Contribution to Regional Level 
Landslide Risk Reduction 


Landslides, flash floods and floods are the main natural 
hazards affecting the road network in Serbia. In May 2014, 
unprecedented rainfall resulted in damage and loss in the 
transportation sector of 166.5 million euros. The erosion 
due to flash floods mainly destroyed bridges, embankments 
and roads, while landslides and debris flows cut off and 
disrupted the main and local road systems. A rough estima- 
tion by Public Enterprise Roads of Serbia (PERS) reported 
that more than 2000 landslides/flows were activated along 
state roads of category I and II and more than 3000 along 
local-municipality roads, during and immediately after 
May 2014. 

By 2017-2021, a comprehensive project funded by the 
World Bank was conducted and involved the preparation of a 
more resilient road network design in climate-changing 
conditions. In short, the project started with localizing the 
hotspots of landslides, flows, flash floods, and flood hazards 
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Fig. 2 Landslide hazard map of the Republic of Serbia (https://drr. 
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Fig. 3 Elements at risk—telative population density for Krupanj pilot area 


and estimating the exposure of the road network over time in 
two test areas (the Valjevo and Kraljevo region). The main 
objective of the Project was to support the Government in 
establishing a foundation for mainstreaming climate resil- 
ience considerations in the road transport sector management 
in Serbia by developing an effective methodology for 
assessing the vulnerability of the road transport network to 
climate-related risks, improving capacities of key 
stakeholders in road network climate resilience planning, 
and setting the path for the development of structured and 
systematic response plans. Key beneficiaries from the Project 
were recognized as PERS and Ministry for Construction, 
Transport and Infrastructure (MCTD. As a result of Project 
activities (nicknamed CliRtheRoads), 750 km of state 
regional roads of categories I and II were mapped. 
Landslides, rockfalls, flash floods and floods hazard were 
assessed, as well as exposure, vulnerability and risk in 
climate-changing conditions (Marjanović et al. 2019, 
2018a, 2022). Main stakeholders were also provided with a 
separately developed Android mobile application for 


recording of landslides, rockfalls, flows, flash floods, and 
floods events, with great potential to include it in day-to- 
day work, and successively and systematically accumulate 
the data in the Road Asset Management System (RAMS). 


5 Improving Landslide Risk Reduction 
on the Local: Municipality Level 


UBFMG was included in several projects related to landslide 
inventory, susceptibility, hazard and risk assessment on 
local-municipality level, both in Serbia and Bosnia and 
Herzegovina, but only activities within the Project BEWARE 
will be presented. 

The project on harmonization of landslide data and train- 
ing of municipality staff for its monitoring, named BEWARE 
(BEyond landslide aWAREness) was designed to standardize 
post-event landslide database and closely involve 27 local 
communities affected by May 2014 events in Serbia, and 
prepare them to cope with catastrophic events in the future 
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Fig. 4 Landslide susceptibility map for Valjevo pilot area 


(Abolmasov et al. 2017b). The project BEWARE was 
realized from May 2015 to February 2016. Several Work 
Packages (WP) were posted to realize the project objectives 
(Đurić et al. 2017), but most important were Landslide Sus- 
ceptibility Maps for every municipality, Landslide Vulnera- 
bility and Risk Assessment Map for population for two 
municipalities, and open landslide data in WEB GIS Project 
portal. 

Landslide susceptibility maps were prepared in 1:25,000 
scale (scale of Municipality Master Plan according to the 
Law) and provided for each of 27 municipalities as a support 
for Master Plans documents and as a part of non-structural 
measures. AHP was used for modeling and assessing land- 
slide susceptibility for selected municipalities. Landslide vul- 
nerability and relative risk assessment to population were 
prepared for Krupanj (Fig. 3) and Valjevo (Fig. 4) 
municipalities by using open access Serbian population den- 
sity data in regional scale (Andrejev et al. 2017). All maps are 
available to municipal land-use and urban authorities as open 
access data. 

Also, 12 critical sites were chosen for implementation of 
structural remedial measures, based on affected people and 
property that have not been already subjected to intervention 
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in post-event responses. Detailed geotechnical investigations 
were performed, and remedial measures were proposed and 
implemented. 

Participants of BEWARE project were selected among 
Faculty of Mining and Geology, University of Belgrade 
staff/associates and Geological Survey of Serbia staff. Direct 
beneficiaries are local authorities and Civil Protection/Emer- 
gency management units, related governmental institutions, 
insurance and assessment agencies, municipal enterprises, 
and general public. Follow up activities are included and 
supported through the Geological Information System of 
Serbia http://geoliss.mre.gov.rs/. 


6 Conclusion 


The University of Belgrade, Faculty of Mining and Geology 
covers technical disciplines of mining and geological engi- 
neering, and fundamental geology. The Faculty of Mining 
and Geology has been involved in landslide risk reduction 
activities at the national, regional, and site-specific level in 
Serbia for decades. For more than 40 years, UBFMG has 
been supporting activities of the national and local authorities 
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in the field of landslides disaster risk reduction. In the field of 
capacity building, UBFMG offers courses for graduate and 
postgraduate students in landslide mechanics, dynamics, 
monitoring, and landslide risk mitigation, including hazard 
assessment. In the last ten years, the Faculty has offered 
courses for PhD students in the field of landslides hazard, 
vulnerability and risk assessment with special attention to 
climate changing conditions. 
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Abstract 


Built on the hilltop of a granite ridge rising above the 
Ikopa River valley (the Analamanga Hill), the High City 
of Antananarivo (Madagascar) is renowned for its 
baroque-style palaces the Rova royal complex and gothic 
cathedrals dating back to the nineteenth Century, and 
therefore is part of the UNESCO Tentative List. Due to 
the frequent cyclonic heavy cyclonic rain, geological and 
geomorphological conditions, and a general lack of urban 
planning the study area is particularly prone to landslides 
(as shown by events of the winter of 2015, 2018 and 
2019). As a first step towards understanding quantitative 
landslide risk, the geological, geomorphological, geotech- 
nical features, as well as landslide phenomena were 
defined in an integrated landslide hazard assessment. 
Results show that the main factors affecting landslides 
are slope, lithology, creek-gully erosion and anthropo- 
genic activities, while most of the landslide events are 
clearly triggered by heavy rainfall events. Thematic 
maps produced by this study are fundamental land-use 
management tools to be applied as a first step towards a 
geo-hydrological risk reduction strategy by the institutions 
and actors involved in the protection and conservation of 
the High City. 
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1 Introduction 


The risk of natural disasters is often much higher in develop- 
ing countries, such as Madagascar, where phenomena such as 
landslides, erosion and floods can lead to catastrophic 
consequences (Andriamamonjisoa and  MHubert-Ferrari 
2019). The reason for this lies in the relation between the 
geographical/climatic setting and the peculiar geological— 
geomorphological characteristics: heavy rainfall (three to 
four cyclones affecting the country every year) and a thick 
lateritic soil cover, resulting from a deep chemical weathering 
of the crystalline bedrock (Cox et al. 2010). Assessing land- 
slide hazard in Madagascar is both a challenge because of the 
lack of data and local landslide-knowledge and a fundamen- 
tal task to provide local authorities and stakeholders with 
important tools for risk management, building community 
resilience, protection of the cultural heritage assets, and for 
increasing the risk perception (especially amongst the poor 
and less educated citizen, who are the most exposed to 
landslides). Since 2017, the UNESCO Chair on Prevention 
and Sustainable Management of Geo-Hydrological Hazards 
of the University of Florence on behalf of Paris PRX 
Madagascar, RC-Heritage, and the municipality of 
Antananarivo, has been carrying out landslide risk research 
with the aim of enlisting the High City of Antananarivo into 
the UNESCO World Heritage (ICL 2022). The objective of 
this work is to describe the research activities to determine 
the landslide hazard for the Analamanga hill (Fig. 1): to 
understand the triggering factors and to investigate the 
impacts on both the historical buildings and the houses of 
the poorer neighborhoods, contributing towards a quantita- 
tive risk analysis. During the field surveys, capacity building 
was also carried out with local MSc students in geology and 
engineering from the Polytechnic of Antananarivo. This 
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Fig. 1 Geographical location of the study area at a continental (a) and 
local scale (b) (modified after Ciampalini et al. 2019). Examples of the 
High City cultural heritage: the Rova (c) and Ambohipotsy Curch (d). 


study represents an important contribution that improves the 
knowledge on landslide processes in an area with limited 
landslide data such as Madagascar and can be reproduced 
in cultural heritage sites characterized by similar geomorpho- 
logical and urban scenarios. 


2 Materials and Methods 

As a first step, a multitemporal landslide inventory was 
compiled involving: (i) geological/geomorphological field 
surveys (Frodella et al. 2021a); (i) geotechnical laboratory 
analyses on collected soil and rock samples (Frodella et al. 


CELA 


riwe 


Geological setting of the Analamanga Hill: red dots highlight the soil 
samples while yellow dots locate the rock samples (e) (modified after 
Frodella et al. 2021a, b) 


2022); (iii) interpretation of remote sensing data, including 
very high resolution (VHR) multispectral Pleiades images, 
and two VHR DTMs (Ciampalini et al. 2019); 
(iv) homogenization in a GIS environment and interpretation 
to obtain a landslide inventory (Ciampalini et al. 2019); 
(v) interviews with the local population (Frodella et al. 
2022). A rockmass 3D landslide kinematic global analysis 
(Frodella et al. 2021b) was performed on the rock cliffs to 
identify the areas more prone to instability. The data obtained 
were used as input for the landslide hazard assessment (Fell 
et al. 2008; Reichenbach et al. 2018). Being quite complex, 
and depending on the geology, erosional features and slope, a 
shallow landslide susceptibility with the Random Forest 
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Model (Breiman 2001; Catani et al. 2013) was performed for 
shallow phenomena (roto-translational slides involving the 
lateritic soil or the soil cover). For earth-debris flows acting 
within the large gullies (developed within the lateritic soils on 
the western footslope) runout simulations were carried out 
using the GPP code (Wichmann 2017). The trajectories of 
rockfall phenomena, occurring along the steep granite rock 
slopes on the top of the western slope and the hill southeast- 
ern sector, were modeled using the software ISGeomassi 
(CDM 2019). Finally, global rainfall data from 2015 to 
2019 (Climate Engine 2021) and the available landslide 
temporal occurrence were analysed to identify the rainfall 
condition associated with the landslide triggering (Abraham 
et al. 2021). 


3 Results 


3.1 Multitemporal Landslide Inventory 

A multitemporal landslide inventory map (LIM) spanning 
from 2015 to 2020 (Fig. 2) was compiled in a GIS environ- 
ment using the outcomes of field surveys, satellite image and 
DTM interpretation. In particular, two inventories were com- 
bined: (i) 78 shapefile points and polygons involving shallow 
landslide events during the winter 2015 (BNGRC 2015; 
Ciampalini et al. 2019) and rockfall sources during events 
in the winters of 2018 and 2019 (BNGRC 2019); (i) 35 
point-type shapefile of rockfalls/slides and debris flow 
sources mapped in 2020 by integrating field surveys, 
GPS-RTK, and interviews with local population (Frodella 
et al. 2022). Four main groups of instability phenomena 
(Cruden and Varnes 1996) were identified (Frodella et al. 
2021a; Fig. 2): (1) unchanneled shallow earth-debris rota- 
tional/translational slides (the most diffused phenomena); 
(2) channeled earth-debris rotational/translational slides; 
(3) rock falls and slides (planar and wedge); (4) complex 
rotational/translational slides. 


3.2 Shallow Landslide Susceptibility 
Once the susceptibility model was successfully trained and 
tested (AUC = 0.9), it was applied to the whole study area. 
According to the results, the most important parameters to 
identify landslide susceptible areas were the NDVI, slope 
aspect and curvature (both planar and profile curvature), 
while the less important were the flow accumulation and, as 
expected, the control parameter made of random values. 
The final output is a raster with a 2 x 2 m cell size, where 
each pixel has a percentage value expressing the shallow 
landslide spatial probability of occurrence (Fig. 3). The map 
shows that most of the Analamanga Hill is affected by 
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moderate to very high landslide susceptibility. These shallow 
landslide-prone areas are located along the Middle Town 
quarters, particularly at the foot of the central sector of the 
western hillslope (from north to south: Mahamasina, 
Ankadilalana, Tzimbazaza quarters; Fig. 3). 

Here, shallow debris rotational/translational slides involve 
the eluvial-colluvial and the lateritic deposits, while linear 
creek erosion of the soft lateritic soils creates large gullies, 
which are rapidly expanding. Retreating scarps damage the 
road pavement, while diffuse slope instabilities occur at the 
headcut of their apex. The eastern slope is less prone to 
shallow landslides, except for the middle-southern sector, 
especially in two creek basins: the first is located east of the 
Rova in the Manjakamiadana quarter, while the second is 
located east of the Ambohipotsy quarter (Fig. 3). The north 
hill sector shows a general slope stability due to the wide- 
spread urban cover and the lower slope angles. An exception 
is the area around the tunnel, in the Ambohijatovo quarter. 
The southern sector shows some potentially unstable areas at 
the top of the abandoned quarried slope cuts in the Anjahana 
quarter. 


3.3 Earth-Debris Flow Assessment 

Following intense rainfall events, shallow earth-debris rota- 
tional/translational slides developing from the gully slopes 
and head-cut apexes can evolve into earth-debris flows that 
are channel within the hydrographic network (Frodella et al. 
2022). These phenomena are more likely to occur in the 
gullies of the central and southern hill sector, for example 
the Mahamasina, Ankadilalana and Tzimbazaza quarters 
(Fig. 4). The earth-debris flow impact probability map 
shows how these phenomena involve the lateritic soils and 
anthropogenic waste deposits (since gullies are often used as 
dumps) that enhances the gully head-cut erosion and the 
scarp retreat (Fig. 4). 


3.4 Preliminary Landslide Frequency 


Assessment 


A preliminary landslide frequency analysis was performed by 
comparing the landslide frequency obtained by the surveys 
with the local population and web news, together with rain- 
fall data from 2015 to 2020 (Fig. 5a). The comparison shows 
clearly that the main landslide events occur after major 
cyclones, during periods of intense precipitations. In addi- 
tion, the total rainfall associated with each landslide over 
different time intervals was analyzed. The total rainfall 
associated with landslides increases constantly from days 
1 to 7, while the rainfall increase from 15 to 30 days is 
lower than the one from 7 to 15 days, even if it is referred 
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Fig. 2 LIM of the Analamanga 
Hill (modified after Frodella et al. 
2022) 
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to a longer time interval (Frodella et al. 2022). This suggests 
that longer rain events have a lesser influence on triggering 
landslides. A further analysis of mean rainfall intensity helps 
to highlight that: (i) the intensity referred to 1-day duration 
shows quite spread values, while the distribution of 
intensities for longer durations is more constant; (ii) the rain- 
fall intensity of events with 15- or 30-days duration is sensi- 
bly lower than that of shorter events (Frodella et al. 2022). On 
this basis it is possible to hypothesize that the rain events 
ranging from 2 to 7 days are probably most to be responsible 
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for the triggering of landslides. The definition of I-D (inten- 
sity duration) rainfall thresholds is usually based on hourly 
rainfall data, but Abraham et al. (2021) explored the possibil- 
ity of using daily data. 

To identify the threshold, the intensity (mm/d) of events 
with a duration between 2 and 7 days has been considered, 
based on the outcomes of the previous analyses. For each 
landslide event, the maximum intensity was extracted, along 
with its duration and the I-D couples have been plotted as 
shown in Fig. 5b. Notice in this figure, that some events 
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Fig. 3 Shallow landslide 
susceptibility map of the 
Analamanga Hill (modified after 
Frodella et al. 2022) 
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follow a common trend, while other events with a lower 3.5 
intensity, don’t show any trend. Due to the paucity of data, 
a robust statistical analysis was not possible, so the threshold 


was defined as the lower bound of the most trending events 
and it is characterized by the equation: 
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The 3D kinematic analysis was performed in correspondence 


of the largest rock outcrops in the study area: the quarry front 
in the hill south-eastern sector (Manakambahiny-Ankerakely 
quarter; “Sector 1”), and the rock cliffs along the western 
slope (from north to south: Mahamasina, Tsimialonjafy, 
Ambanin’Ampamarinana, Ankadilalana and Tzimbazaza 
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Fig. 4 Debris flow impact assessment map: gullies of Tsimialonjafy 
(a), Ambanin’Ampamarinana-Ankadilalana (b) and Tsimbazaza (c) 
quarters. Earth-debris rotational/translational slides involving lateritic 


quarters; “Sector 2”) (Fig. 6). The maps in Fig. 6a, b show the 
3D spatial probability of occurrence (expressed in GKI %; 
Frodella et al. 2021a, b) for the combined abovementioned 
instability mechanisms, with colors ranging from green 
representing stable areas to yellow (low GKI) and red (GKI 
26%). The 2D kinematic analysis shows that topples are the 
most relevant detected instability mechanisms in the field are 
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soils and waste-dump deposits causing scarp retreat (a—d) (f), which, 
pose at high risk the housings (modified after Frodella et al. 2022) 


(Fig. 6c, d), followed by wedge (Fig. 6e, f) and plane failures 
(Fig. 6g—h). Quarry fronts in the central-southern area are the 
most unstable sectors, while in western slope rock cliffs the 
most unstable sectors are homogeneously distributed (Fig. 5). 
These unstable areas (selected considering a value of GKI 
over the 95th percentile of its distribution curve) are used as 
sources for the rock fall trajectories together with the source 
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Fig. 5 Comparison between Rainfall data from September 2014 to 
January 2020 (Daily and cumulated data from Climate Engine, 2015), 
the recorded landslide events (dashed black arrows), and the recorded 


areas reported by BNGRC (2015, 2019) and slopes exceed- 
ing a steepness of 70°. A new methodology was implemented 
in a cloud compare (GDM 2015) environment by 
interpolating on these areas source contour lines at a selected 
distance based the operator’s judgement; the code selected 


Cyclones (red arrows), reported in Frodella et al. 2021a, b (a) (the 
Dashed brown arrow represents the Winter 2015 landslide event). 
Intensity—Duration threshold for the study area 


the potential block sources along these lines. The trajectories 
of blocks show that large part of both Sectors 1 and 2 are 
affected by run-out of rock blocks (Fig. 7a, c, e). The rock fall 
analysis was calibrated using the outcomes of the field 
surveys, which allowed the recognition of how the rock cliffs 
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Fig.6 3D GKI maps of sector 1 (a) and sector 2 (b). 2D kinematic analysis for toppling: sector 1 (c), sector 2 (d); wedge failure: sector 1 (e), sector 
2 (£); planar sliding: sector 1 (g); sector 2 (h) (modified after Frodella et al. 2021b) 


are frequently affected by blocks of various size, from deca- 
metric to plurimetric (Fig. 7d—g). 


4 Discussion 


Rainfall-induced landslides are a common threat to the 
communities living on hillslopes in Antananarivo. 

The rapid urban development and the lack of a proper 
urban planning has caused several environmental problems 
such as intense slash and burn deforestation, illegal 
quarrying, unauthorized slope cutting and terracing for the 
construction of hovels, garbage dumping, lacking a proper 
sewer and drainage systems, narrowing, culverting and the 
swamping of the creeks (Ciampalini et al. 2019). This anthro- 
pogenic pressure does not consider the fragile geological and 
geomorphological context of the Analamanga Hill. Conse- 
quently, the urban area, in particular the slopes and footslopes 
are prone to landslide phenomena. This instability is espe- 
cially evident during the frequent heavy cyclonic rainfall, as 
testified by the winter 2015 and the 2018-2019 landslide 
events (Frodella et al. 2021a, b). In this framework, the 
expected future increase of extreme meteorological events 
can only exacerbate landslide susceptibility. 

The shallow landsides connected with the 2015 event 
slightly affected the UNESCO Core Zone (except for its 
southern area) along the pathway connecting the Rova palace 
with Ambohipotsy Cathedral (Figs. 3, 4, and 7). The cultural 
heritage buildings are not in landslide-prone areas, except for 
the Trano-Gasy Houses, which are built in an unstable area 
on the top of the western slope, between the Rova and 
Andafiavaratra Palace. The most exposed linear structures 
are the tracks running on both mid-slopes in the central 
southern sector of the Analamanga Hill. Within the UNESCO 


Buffer zone, the most exposed areas are the crude dwellings/ 
hovels of the Middle City area and the mid-slope pathways, 
particularly the foot of the western hillslope (Tsimialonjafy- 
Ambanin’ Ampamarinana-Ankadilalana-Tzimbazaza 
quarters) where shallow debris rotational/translational slides 
develop. Here, earth-debris rotational/translational slides 
involving residual soil were identified along the slopes of 
the main creek channels that deeply undercut the slope toe at 
the foot of the western hillside (Fig. 4). In this area, intense 
linear creek erosion of the soft lateritic soil cover creates large 
gullies that are rapidly expanding, damaging road pavement 
and buildings. The middle southern eastern slope is less 
prone to shallow landslides, except for an area located in 
the creek basin east of the Rova. The slope north hill sector 
shows a general stability due to the widespread urban cover 
and the low steepness of the gentle slope, while the southern 
sector shows some prone areas at the top of the abandoned 
quarry niches. Rock falls severely affect Sector 1 (the western 
footslope) and Sector 2 (southeastern slope) (Fig. 6). The 
slope north hill sector shows a general stability due to the 
widespread urban cover and the lower slope angles, except 
for the area around the tunnel, in the Ambohijatovo quarter. 
Following intense rainfall events, shallow earth-debris 
rotational/translational slides develop from the slope of 
gullies and headcut apexes and can evolve into earth debris 
flows confined to channels within the hydrographic network. 
These phenomena involve the lateritic soils, as well as the 
anthropogenic waste deposits (often the gullies are used as 
dumps), enhancing gully headcut erosion and scarps retreat. 
Slope instability is more likely to occur in the gullies of the 
central and southern hill sector (Ankadilalana-Tzimbazaza 
quarters), and not in the High City’s cultural heritage areas. 
Structures most impacted are the hovels built along the scarps 
and the pathways connecting with the Low City. An 
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Fig. 7 Rock fall runout simulations. Sector 1: rock blocks trajectories 
in the analysed area (a); rock fall probability of occurrence (black lines 
represent the rockfall paths b). Sector 2: rock blocks trajectories in the 
North (c) and South sectors (e) and corresponding maps of rock fall 


assessment of rockmass instability associated with the frac- 
tured granite cliff corresponding to the abandoned quarries 
on the western slope and in the south-eastern hill sector. 
Simulations show that these areas can be sources of rockfall 
hazardous that may impact on the populated area of the 
Middle town with poor housings standards. 

The landslide maps obtained can be used not only for 
hazard zoning but also for prioritizing landslide mitigation. 
Such measures include slope reprofiling, bioengineering 
methods using local material, wood barriers and check 
dams, bio-mats and grids to enhance vegetation regrowth in 
correspondence of the soi bare sectors, creek filtering dams, 
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probability of occurrence (black lines represent the rockfall paths: North 
sector (d), South sector (f). Recent and ancient rock block deposits on 
the western footslopes of decametric (d), metric (e) and plurimetric sizes 


(f, g) 


nets, and fences for the rockfall/slides. Even if some results 
are based on very simple approaches and with a certain 
degree of uncertainty, this work can represent a starting 
point to create a structured activity aimed to the risk reduction 
of the area. This activity should start with the creation of a 
completer and more detailed landslide inventory, where the 
triggering day, characteristics, dimension of the landslides is 
defined. The landslide inventory can be used to produce a 
more accurate and detailed landslide hazard assessment, 
which, in turn, will result in more precise intervention for 
landslide risk reduction. For the near future, the Disaster Risk 
Management activities in Antananarivo should also focus on 
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the installation of an automated weather station and sensor 
network to collect accurate rainfall data and implement an 
Early Warning System. Risk assessment and spatial planning 
activities should be performed by the municipality of 
Antananarivo, BNGRDC and technical experts to prevent 
construction of new buildings in hazardous areas, manage 
waste materials and avoid the burning of garbage on the 
hillslopes. To reduce the social vulnerability, these activities 
should be harmonized with existing on-going projects, while 
public awareness must be raised to understand the 
hydrogeological risks. The next phase of activities will 
focus on sustainable management of the High City within 
the UNESCO world heritage framework. To this end, our 
study represents an important contribution for improving the 
knowledge of landslide processes in Antananarivo, 
Madagascar, and for other areas with limited data. 


5 Conclusions 


In this work an integrated landslide hazard assessment was 
carried out in the High City of Antananarivo, one of the most 
important cultural heritage sites of Madagascar. As a first step 
a multitemporal slope scale landslide inventory spanning 
from 2015 to 2020 was collected by combining field surveys 
campaigns, interviews with local people and analysing 
remote sensing data (High-resolution DTM and satellite 
orthophotos). To assess the hazard of the different identified 
instability phenomena a shallow landslide susceptibility was 
carried out using the Random Forest model, while the GPP 
and IS GeoMassi codes were adopted to perform debris flow- 
rock fall simulations. 

The analysis undertaken shows that most of the mapped 
areas are affected by moderate to very high landslide suscep- 
tibility. Areas characterized by the higher susceptibility are in 
the Middle Town quarters, particularly at the foot of the 
central sector of the western hillslope (from north to south: 
Mahamasina, Ankadilalana, Tzimbazaza quarters). Here 
shallow debris rotational/translational slides mainly involve 
eluvial-colluvial and lateritic deposits, while rockfalls origi- 
nate from the granite cliffs. The densely packed shacks and 
hovels of the Middle City are particularly prone to rockfalls at 
the base of steep rocky cliffs. At the western footslope, 
intense linear creek erosion of the soft lateritic soil cover 
creates large gullies, which are rapidly expanding. The east- 
ern slope is less prone to shallow landslides, except for the 
middle-southern sector, especially in two creek basins. The 
first is located east of the Rova in the Manjakamiadana 
quarter, while the second is located east of the Ambohipotsy 
quarter. The southern sector shows unstable areas in proxim- 
ity to abandoned quarry slope cuts in the Anjahana- 
Ambohipotsy quarters. Fortunately for the cultural heritage 
assets of the High City, most of them are not located in 
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shallow landslide-prone areas. Exceptions are the Trano- 
Gasy Houses, located on an unstable area at the top of the 
western slope between the Rova and Andafiavaratra Palace. 
The most exposed linear structures are tracks running on both 
mid-slopes in the  central-southern sector of the 
Analamanga Hill. 

A preliminary analysis on the rainfall-induced landslide 
frequency shows that the main landslide events occurr after 
major Cyclones during periods of intense precipitations. Rain 
events ranging in duration from 2 to 7 days are most probably 
responsible for the triggering of landslides. Furthermore, we 
define an intensity (I)-duration (D) rainfall threshold for 
landslide triggers. Thematic-hazard maps produced as part 
of our study represent a first step for land-use planning by 
institutions and actors involved in developing a robust 
geo-hydrological risk reduction strategy for protection and 
conservation in the High City. 
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Abstract 


Landslide-induced tsunamis pose a significant natural haz- 
ard with the potential for devastating impacts on coastal 
communities. This paper discusses the development and 
application of the LS-Tsunami simulation code, which 
utilizes landslide motion data from LS-RAPID to model 
these tsunamis. The program is compatible with Windows 
PC and features user-friendly visual interfaces and 3D 
graphical results, making it easy for beginners to conduct 
integrated landslide and tsunami simulations. The process 
involves setting the simulation area, editing topographic 
data, reading landslide results from LS-RAPID, and 
configuring calculation conditions. In addition to the 
descriptive steps provided in this paper, a video tutorial 
is available to guide users through the process of using the 
LS-Tsunami simulation code. Notably, LS-Tsunami has 
been successfully applied to various case studies, includ- 
ing a simple coastal landslide-induced tsunami, the 1972 
Unzen landslide-induced tsunami in Japan, and a 
landslide-induced tsunami-like wave in Vietnam. 


Keywords 


Landslide simulation - Tsunami simulation - LS-RAPID - 
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1 Introduction 


Landslide-induced tsunamis are a significant natural hazard 
caused by different types of landslides. These landslides 
include coastal and submarine landslides, river landslides, 
reservoir landslides, lake landslides, and even fjord 
landslides (Sassa 2023). The 1958 Lituya Bay landslide- 
induced tsunami in Alaska is a notable example of such 
events. The massive rockslide created a towering wave 
exceeding 500 m that devastated the shoreline’s trees and 
buildings. While only two fatalities were reported due to the 
wave’s occurrence in an underpopulated region, the event 
drew significant attention to the potential catastrophic impact 
of these tsunamis. Another illustrative example is the 2018 
Anak Krakatau landslide-induced tsunami in Indonesia. An 
underwater landslide caused by the volcanic eruption of 
Anak Krakatau resulted in a devastating tsunami that caused 
over 400 fatalities and thousands of injuries in coastal 
communities. To address such a hazard, LS-Tsunami, a sim- 
ulation code that uses landslide motion data from LS-RAPID 
to model landslide-induced tsunamis was developed by Sassa 
et al. (2016). The model assumes that horizontal forces 
between the landslide mass and water can be neglected, and 
the tsunami is triggered solely by the upheaved water mass on 
the submarine ground due to a moving landslide mass. 
LS-Tsunami builds on previous studies by Baba et al. 
(2012), Abe et al. (2008), and Satake (2001) that also used 
simplified landslide motion to model tsunami generation. The 
tsunami simulation scheme used in LS-Tsunami is a well- 
established and widely used model (IOC 1997), ensuring its 
reliability and accuracy. LS-Tsunami represents a significant 
advancement in the field of landslide-induced tsunami 
modeling, offering a valuable tool for predicting and 
mitigating the impact of these events on coastal communities. 

LS-Tsunami model has been applied in many cases of 
landslide-induced tsunami, such as the world’s largest land- 
slide induced-tsunami disaster with 15,153 deaths in Unzen, 
Nagasaki, Japan in 1972 (Sassa et al. 2016), the hypothetical 
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Fig. 1 Basic principle of the 
landslide-induced-tsunami 
simulation model (Sassa et al. 
2016) 


Senoumi submarine landside in Suruga Bay, Japan (Doan 
et al. 2021), and a case of landslide-induced tsunami-like 
wave across the Truong river in Quang Nam province, 
Vietnam (Duc et al. 2020). 


2 Basic Principle and Governing Equations 


The fundamental concept behind the model for landslide- 
induced tsunamis utilized in this research is depicted in 
Fig. 1. The left part of the figure shows the integrated land- 
slide simulation model (LS-RAPID), whereas the right part 
illustrates the elevated water mass that generates a tsunami 
wave due to the upward displacement of the interface 
between the landslide and the water caused by the landslide 
movement over the sea floor. 

When a landslide mass enters or travels across the sea 
floor, the elevation of the submarine ground surface 
increases, causing the water mass above the landslide-water 
interface to rise by an amount, Aj, in a unit time, A,. The 
simulation ignored the shear resistance (Tsw) between soil and 
water at this interface, assuming it to be negligible. The 
effective stress acting on the surface between the bottom of 
the soil column and the top of the sea floor was assumed to be 
unaffected by the increase in water height due to the perme- 
ability of the surficial deposit on the sea floor and the fast 
transmission of water-pressure change from the top to the 
bottom of the soil column. 


Water surface 
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Water surface 


Water column 
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The buoyant force by water acts on the soil mass when it 
enters into water, causing the unit weight of the soil mass (y+) 
to change to the buoyant unit weight, the difference between 
yı and the unit weight of sea water (yw). When only a part of 
the soil mass is submerged, the buoyant force by water only 
acts on the submerged part. The simulation does not consider 
any tangential force between soil and water because it is 
negligible compared to the shear resistance mobilized in the 
shear surface of large-scale landslides. 

In addition to the parameters required for landslide motion 
simulation using LS-RAPID, the tsunami simulation model 
LS-Tsunami requires additional parameters, such as the unit 
weight of sea water and Manning’s roughness coefficient for 
basal resistance between water and ground. 

The calculation process for the model of a tsunami caused 
by a landslide involves two steps. The first step is the simula- 
tion of the landslide mass using the “LS-RAPID” integrated 
landslide simulation model, both on land and on the sea floor. 
Equations (1)—(4) used in this step are the same as those used 
in the LS-RAPID model developed by Sassa et al. in 2010. 
The second step involves simulating the tsunami using the 
LS-Tsunami model. Equations (5)—(8) used in this step are 
based on an established tsunami simulation model (IOC 
1997). The LS-RAPID model calculates the acceleration 
(a) of the soil mass (ms) by considering the combined effect 
of various forces such as self-weight of soil mass, seismic 
force on the soil column, shear force on the bottom of the soil 
column, and lateral pressure acting on the sides of the soil 
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column (Eq. 1). On the other hand, the LS-Tsunami model 
calculates the acceleration (a) of the water mass (mw) by 
considering the combined effect of lateral pressure acting 
on the sides of the water column and Manning’s basal shear 
resistance due to roughness of the ground (Eq. 5). Both sets 
of Eqs. (1)-(8) are shown below. 


2.1 Basic Equations for Motion of Landslide 


(LS-RAPID) 


The explanation for landslide motion equations can be found 
in the section on Landslide Simulation Model (LS-RAPID) 
(Sassa and Dang 2018). The fundamental principle behind 
LS-RAPID involves the relationship between the accelera- 
tion (a) of the soil mass (m,) and the cumulative effect of 
several forces. These forces include the gravitational force 
exerted by the soil mass itself, the seismic force acting upon 
the soil column, the shear force applied to the base of the soil 
column, and the lateral pressure exerted on the sides of the 
soil column (Eq. 1). 
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By expressing Eq. (1) separately in the x and y directions, we 
derive Eqs. (2) and (3). Additionally, assuming that the total 
mass of the landslide remains constant during its movement, 
we obtain Eq. (4). 
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2.2 Basic Equations for Motion of Water 
(LS-Tsunami) 
_ OPx OPy 2 
amw = -5 Ax + By Ay + R (Manning) (5) 
where 


a: Acceleration of a water column 

my: Water mass in a column 

R(Manning): Manning’s basal resistance between water and 
ground 


SPX Ax, oPY Ay: Lateral pressure acting on the side wall of 
x y 


column in x and y directions 


Equation (5) is expressed by Eqs. (6-8). 
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where 


h: Height of water column within a mesh 

n: Elevation of water surface above sea level datum 

uo, Vo:Velocity of a water column in X and Y directions, 
respectively (velocity distribution in Z direction is 
neglected, and assumed to be a constant) 

M, N:Discharge of water per unit width in X and Y directions 
respectively (M = uoh, N = voh) 

g: acceleration due to gravity 


Manning’s basal resistance R(Manning) is expressed as 
below: 


X-component: z = sM M? +N? 
M + N? 


.Ty _ gn 
Y-component: = aN 
p: Density of sea water, 


n: Manning’s roughness coefficient. 


3 User Manual 


The LS-Tsunami software has been created by combining 
two computational models: LS-RAPID, which simulates 
landslides, and a tsunami simulation developed by Kyoji 
Sassa (International Consortium on Landslides) and Hideaki 
Yanagisawa (Tohoku Gakuin University). This program is 
designed to work on Windows PCs and includes intuitive 
visual interfaces and 3D graphical output, making it easy for 
beginners to run integrated landslide and tsunami 
simulations. The following steps for conducting a landslide- 
induced tsunami simulation are provided below and are also 
demonstrated in the video tutorial entitled “LS-Tsunami 
Teaching Tool”. The starting window of the model is 
depicted in Fig. 2. 

The LS-Tsunami program offers two types of computing 
simulation (Fig. 3): 


— Integrated Landslide and Tsunami Simulation: This 
involves running a landslide simulation using 
LS-RAPID, followed by a tsunami simulation using the 
results from the landslide simulation. 

— Tsunami Simulation: This is a regular tsunami computing 
simulation that uses crust deformation parameters. 


The process for simulating a landslide induced tsunami is 
illustrated in Fig. 4. 
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3.1 Setting of Simulation Area 

To begin a simulation in LS-Tsunami, the first step is to 
configure the settings for the simulation area as shown in 
Fig. 5. This can be achieved by clicking on [1:Mesh] - 
{Simulation area], or by accessing the menu [Edit] - [Setting 
simulation area and data editing], and inputting the calcula- 
tion area. The setting procedure for LS-Tsunami is similar to 
that of LS-RAPID (Ajmera et al. 2023). 


3.2 Editing Topographic Data 

To input and edit topographic data in LS-Tsunami, users can 
access the “Editing of mesh” option by clicking on the 
“Mesh” tab located under the “Flow” menu (Fig. 6). This 
feature allows users to make necessary modifications to the 
topographic data and is an essential step in preparing the 
simulation for accurate and reliable results. 

To generate meshed data values for elevation data that is 
not in mesh format, users can utilize the [Transfer control 
point data to mesh data] function in LS-Tsunami (Fig. 7). 
This feature is useful for preparing topographic data for 
simulation in LS-Tsunami. The process for setting up topo- 
graphic data in LS-Tsunami is similar to that of LS-RAPID, 
and interested users can refer to chapter “Landslide Suscepti- 
bility Zonation Using GIS-based Frequency Ratio Approach 
in the Kulon Progo Mountains Area, Indonesia’ of the 
LS-RAPID manual (Ajmera et al. 2023) for further guidance. 


3.3 Reading of a Landslide Result (LS-RAPID 


Data File) 


To combine topographic data for landslide and tsunami 
simulations in LS-Tsunami, users can access the “Select 
landslide result” option by navigating to the “Calculation 
condition” tab under the “Flow” menu and selecting [2: 
Calculation condition]. Clicking on the symbol ‘oy in the 


dialogue box to display how to merge the two data sets 
(Fig. 8). 

After clicking on the folder icon to open the LS-RAPID 
data file, users can access a window that displays the land- 
slide simulation area superimposed onto the tsunami simula- 
tion area (Fig. 9). This feature allows users to visualize the 
potential impact of a landslide on tsunami propagation and 
assess the accuracy of their simulations. 

The next window shows the landslide simulation area on 
the tsunami simulation area (Fig. 10). There are two methods 
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interaction between water and landslide is neglected. 


[E Skip this screen from next time. 


Fig. 2 Starting window of the LS-Tsunami model 


to accurately overlap topography in LS-RAPID and 
LS-TSUNAME refer to Fig. 11. Input the X-min and Y-min 
coordinates of the landslide simulation area’s bottom-left 
comer into the “Position X” and “Position Y” fields in the 
tsunami simulation area (Fig. 11a). Emplace the landslide 
simulation area on the tsunami simulation area by mouse 
operation (Fig. 11b). Click ® | to show how to operate this 


command. 


Fig. 3 Two types of computer 
simulation in LS-Tsunami 


Integrated Landslide-Tsunami Simulation Model (LS-7sunami) 
Kyoji SASSA (International Consortium on Landslides : ICL) 


The Integrated Landslide-Tsunami Simulation Model (LS-Tsunami) is a computer simulation code integrating the initiation, motion of a rapid landslides and 
the initiation by the integrated landslide simulation model (LS-RAPID) and the propagation of tsunami wave which was generated by its rapid landslide 
movement into water and travelling along the sea/lake/river floor. A vertical column is considered within a landslide mass on the land area, while a vertical 
column is considered within a landslide and a water mass above it on the water area. Firstly the landslide motion is calculated by LS-RAPID using the 
equation (1) and (3) through the land area and the water area. Secondly the calculated movement of landslide mass is input to the equation (2 ) and (3). The 
assumption of tsunami generation by a moving landslide is that a water mass is elevated by the height of landslide mass above the sea/lake/river floor. Other 
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Condition of no-volume change of mass for water and soils 


Once the landslide simulation data has been loaded into 
LS-Tsunami, users can click on the [OK] button to proceed 
(Fig. 12). This action will open a new dialogue box that 
displays additional information and options related to the 
simulation results. 

Important note: It is imperative to conduct a landslide 
simulation using LS-RAPID prior to proceeding with the 
LS-Tsunami simulation. Therefore, the following three 
settings must be completed: 


LS-Tsunami 


Start to LS-Tsunami 


LS-RAPID 


Select a simulation mode 


(Landslide + 


Tsunami simulation 


Select 
LS RAPID 
datafile 


Fig. 4 Flowchart containing steps for integrated landslide and tsunami 
simulation 


— 


. Enable the [Calculate submergence] option and configure 
its parameters (Fig. 13). 

. Adjust the [Level of the water surface] to match the 
conditions of the tsunami simulation (Fig. 14). 

. Enable the [Output the altitude calculation result data] 
option by checking the corresponding box (Fig. 15). 


N 


W 


3.4 Setting of Conditions for Calculation 
In order to facilitate calculations, certain conditions must be 
established. These conditions can be accessed through two 
avenues: by selecting the “Conditions for calculation” option 
in the Section “Calculation condition” within the “Flow” 
panel located on the left side of the program (Fig. 16), or by 
navigating to the “Conditions for calculation” section within 
the “Parameters” menu. 

To properly set the conditions for calculation in 
LS-Tsunami, users must consider the following parameters: 


— Number of CPU threads: This should be set to match the 
number of CPU cores available on the user’s PC. It is 
important to note that using all cores for the simulation can 
impact the performance of other tasks, so users should set 
this number based on their experience. 

— Calculation time: This should be set based on the area of 
the simulation. Users need to determine the appropriate 
duration for their specific simulation. 
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Fig. 5 Screenshots of the Setting of Simulation Area and Input - Data 
Type Window 
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Fig. 6 Screenshots of the Editing of mesh 


— Calculation time (per step): This should be set to the time time by the time for each step. To conduct a stable numer- 
interval for the calculation of LS-RAPID. The number of ical simulation of a tsunami, it is necessary to satisfy the 
calculation steps is calculated by dividing the calculation Courant-Friedrichs-Lewy (CFL) condition. 


Fig. 7 Screenshots of the 
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Fig. 8 Screenshots of the “Select landslide result” 


Ax > — Output snapshots: This should be set to the output data 
2 v 28hnax interval for each step. Users should adjust this number 

depending on the duration of their simulation. A value of 

around 100 is often used. 

where At, Ax are temporal and spatial grid sizes, Mmax is the — Manning coefficient: This should be set to Manning's 

maximum still water depth in the simulation area. roughness coefficient. Users can choose to set this number 
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Fig. 9 Screenshots showing the step to open the data file of LS-RAPID 
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Landslide simulation area 


Fig. 10 Screenshots showing the landslide simulation area on the 
tsunami simulation area 


for each mesh datum by selecting the “Use parameters on 
each mesh datum” option and clicking “Manning coeffi- 
cient mesh editing” to input the number for each mesh 
datum in a manner similar to inputting an elevation datum. 

— Folder for output tsunami result files: Users should desig- 
nate a folder for saving the output of the tsunami comput- 
ing simulation. It is not necessary to change the default 
folder, but users should ensure that they do not designate a 
folder in which they have stored important files. 

— Boundary conditions: Users should select either “Wide 
area condition” or “Narrow area condition” based on the 
characteristics of the simulation area. The wide area mode 
is effective for areas including deep water and uses the 
conditions for linear progressive waves. The narrow area 
mode is effective for areas including shallow and coastal 
areas and uses the boundary condition of Sommerfeld 
type. Users should also set “Reflection” or “Open” to the 
squares based on the boundary position, with Bottom 
being Y (-) of the coordinate, Top being Y (+), Left 
being X (-), and Right being X (+). 


3.5 Settings for Output and Visualization 

To configure the output and visualization settings for 
simulations, the user can navigate to the “Set calculation 
output” option either through the “Simulation” drop-down 
menu or the “Execute” menu (Fig. 17). Once selected, a dialog 
box of “Output setting” will appear, allowing the user to 
customize the desired output and visualization settings. 


3.6 Start the Simulation 

To begin the simulation, click on [3: Simulation] - [Start 
simulation], or select [Execute] from the menu and then 
choose [Start simulation] (Fig. 18). 
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This will bring up the next window and the simulation will 
start to run (Fig. 19). 

If the simulation has finished running properly, you will 
see a notification that says “Computation Terminated”. At 
this point, you can close the simulation window. 


3.7 Display the Results 

To view the visualized results of the simulation, click on the 
(3: Simulation] - [Result of simulation] flow or go to the 
menu and select [Execute] - [Display the simulation results]. 
This will open a window where you can see the results of the 
simulation (Fig. 20). 


4 Application Examples 
4.1 Application of the Model to a Simple 
Coastal Landslide 


The initial instance of the landslide-induced tsunami simula- 
tion was introduced through a hypothetical scenario involv- 
ing a fictitious slope, as documented by Sassa et al. (2016). 
This case study entailed specific dimensions and 
characteristics for the slope (Fig. 21). The maximum depth 
reached 313 m, with a maximum length of 1230 m and a 
maximum width of 1000 m. The total volume of the landslide 
was calculated to be 170 x 1046 cubic meters. The slope 
configuration encompassed a level crest, inclined at an angle 
of 35°, with a flat seabed at its base. The peak friction angle 
(@p) was set to be 42°, while the friction angle during motion 
(Pm) was set to be 40°. The starting point of the landslide 
corresponded to the summit of the slope, while the toe of the 
landslide extended to the water surface. In Fig. 20, the left 
extremity was positioned 2000 m away from the coastline, 
while the horizontal distance from the coast to the bottom of 
the figure spanned 10,000 m. 

Figure 22 illustrates the profiles of both the landslide and 
the ensuing tsunami during their motion, with a water depth 
of 200 m. Approximately 21 s after the initiation of the 
simulation, the top of the landslide mass made contact with 
the sea floor, leading to the generation of the tsunami. By the 
26.5-s mark, the landslide mass had started to move along the 
sea floor, resulting in the formation of a distinct and signifi- 
cant tsunami wave. Notably, the positions of the tsunami 
head and the landslide head were nearly identical. Around 
57.5 s into the simulation, the head of the tsunami began to 
outpace the head of the landslide. At 139 s, the landslide mass 
completely moved away from the source area. Subsequently, 
at 180 s, the tsunami head reached a distance of 10 km from 
the coastline. The movement of the tsunami wave on the 
water surface is depicted in the top-left corner of the figure, 
where the red region represents a tsunami wave higher than 
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Fig. 11 Screenshots illustrating the process of placing the landslide simulation area onto the tsunami simulation area through (a) inputting the 
coordinates and (b) mouse operation 


the sea level, while the blue region represents a tsunami wave 
lower than the sea level. 


4.2 Application of the Model 
to a Landslide-Induced Tsunami-Like 


Wave Across a River 


The second application example of the LS-Tsunami software 
entailed simulating a tsunami-like wave induced by a land- 
slide along a river in Vietnam. Detailed findings and analysis 
of this study can be found in Duc et al. (2020). On November 
5th, 2017, around 4 pm, a heavy rainfall triggered a landslide 


on the right bank of Truong River, situated in Tra Giang 
commune, Bac Tra My District, Quang Nam province, 
Vietnam (Fig. 23). The landslide rapidly moved and 
unleashed a tsunami-like wave that resulted in the complete 
destruction of three houses, partial damage to three other 
houses, one fatality, and three injuries on the opposite bank. 
Testimonies from witnesses and on-site evidence indicated 
that the maximum wave height reached approximately 8.5 m. 
This unprecedented disaster event captured significant public 
attention within the region. 

Site surveys were conducted to examine the characteristics 
of the landslide. The slope area prior to the sliding was 
covered by a forest of Acacia mangium Willd. The landslide, 
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Fig. 12 Screenshots illustrating the process of loading simulation data into LS-Tsunami 


with a length of approximately 154.8 m and a width of 64 m, 
occurred on a slope with a gradient of 35°. The total volume 
of the landslide was estimated to be about 31,600 m? with a 
maximum depth of around 11 m. The sliding mass failed at an 
elevation of 140 m a.s.l., traveled down the river course at an 
elevation of 76 m a.s.l., and continued to move across the 
river, ultimately depositing at the opposite bank at Km 
90 + 000 m on National Highway No. 24C. The landslide 
occurred on a slope of weathered granite bedrock and was 
characterized by a rotational type with an observable sliding 
surface in the head scarp and body. The deposits consisted of 
weathered and loose materials of granite, granodiorite mixed 
by conglomerate. The rocks were strongly weathered and 


fractured due to the influence of the Truong River tectonic 
fault. Elevation images after the event derived from UAV 
photos and geological profiles of the landslide generated 
from DEM data are presented in Fig. 24. 


Landslide Simulation with LS-RAPID 

Model 

To simulate the motion of the Tra Giang landslide and the 
resulting surge wave, two computer models, LS-RAPID and 
LS-Tsunami, were used. These models require input of three 
topography components: ground surface topography before 
the landslide, topography of sliding surface, and depth distri- 
bution of the landslide mass or unstable soil layer. A Digital 
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Fig. 13 Screenshots illustrate the steps to enable the [Calculate submergence] option and configure its parameters 


Elevation Model (DEM) was obtained from UAV photos 
taken after the landslide using Agisoft Photoscan software 
with a mesh size of 0.5 m. However, the DEM of the study 
area before the landslide was not available, so it was 
estimated based on the post-landslide DEM and topography 
data observed from Google Earth images. The computational 
area before and after the landslide is shown in Fig. 25 with a 
grid cell size of 3 m x 3 mused for both simulations, resulting 
in a total mesh number of 57 in the X-direction and 100 in the 
Y-direction. Contour lines at intervals of 2 m are also shown. 

Based on the rainfall analysis, the landslide was triggered 
by high-intensity rainfall causing a sudden rise in the river 
and groundwater levels. The saturation of the slope due to the 
rainfall led to an increase in pore water pressure, which 
decreased the shear strength of the sliding surface. The simu- 
lation was set for a period of 50 h, from 4 to 6 November 
2017, assuming that the slope was fully saturated during this 
time. However, there were no monitoring instruments to 
measure the pore water pressure or groundwater level. 

In the absence of undrained ring-shear tests, soil 
parameters for the landslide and tsunami simulations were 
estimated based on geotechnical properties from other labo- 
ratory tests, professional judgement, and references from 
previous research (Table 1). The lateral pressure ratio was 
assumed to range from 0.3 to 0.6, with lower values at the top 
and higher values at the lower parts. Other parameters such as 
steady state shear resistance, shear displacement at the start 
and end of strength reduction, peak friction coefficient, peak 
cohesion, friction coefficient during motion, and pore 


pressure generation rate were estimated based on ring-shear 
test results on similar materials of strongly weathered granite 
rocks in Haivan station, central Vietnam. The Manning coef- 
ficient, coefficient for non-frictional energy consumption, 
and friction coefficient inside the landslide mass were con- 
sidered based on Sassa et al. (2010). 

The results of the landslide simulation are displayed in 
Fig. 26, where the orange and red areas indicate the regions 
affected by the landslide. The simulation indicates that failure 
began in the middle of the slope when the pore water pressure 
ratio (ru) reached 0.4, at 40 h, 4 min and 50 s into the 
simulation. At 40 h, 4 min and 57 s, the entire landslide 
mass had formed and was approaching the water surface 
with a speed of 16.4 m/s (Fig. 26c), only 7 s after initiation. 
The landslide then continued to move downward and flooded 
into the river. At 40 h, 5 min and 20 s, the landslide mass 
ceased movement and deposited in the river area (Fig. 26d). It 
is worth noting that the simulated landslide occurred at pre- 
cisely the same time as the actual landslide event, around 4: 
00 pm on 5 November 2017. 


4.2.2. Tsunami Simulation by LS-Tsunami Model 

The results of the Tra Giang landslide simulation were used 
as input for the LS-Tsunami model to simulate the landslide- 
induced tsunami. The model used a unit weight of water of 
9.81 kN/m? and a Manning’s coefficient of 0.025 s/m'®. 
Figure 27 shows the process of the simulation, with the first 
figure (Fig. 27a) showing the moment the landslide reached 
the riverbank, triggering the tsunami wave at 47.5 s. The 
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Fig. 14 Screenshots illustrate the steps to adjust the [Level of the water surface] 


second figure (Fig. 27b) shows the wave reaching the oppo- 4.3 Application to the 1792 

site side at 53.5 s, with a maximum wave height of 3.2 m. The Unzen-Mayuyama 

third figure (Fig. 27c) shows the wave moving up to the land, Megaslide-and-Tsunami Disaster 

with a maximum height of 5 m at 61.5 s. In this figure, the 

dark blue color represents waves higher than 5 m above the The LS-Tsunami software was employed in the third case 
riverwater level, blue represents waves from 2 m to 5 m, and study, as documented in the publication by Sassa et al. 
cyan represents waves from 0 to 2 m. The last figure (2016). The study focused on simulating the 1792 Unzen 
(Fig. 27d) shows the simulation at 100 s when the wave Mayuyama megaslide and the resulting tsunami, which 
returned to the river. represents the largest landslide-tsunami disaster and the 
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Fig. 15 Screenshots illustrate the steps to enable the [Output the altitude calculation result data] option 
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Fig. 17 Screenshots of Settings for output 


most significant volcanic calamity in Japan’s history. This 
catastrophic event resulted in the tragic loss of human lives, 
with a total of 15,153 individuals perishing. The geographical 
extent of the landslide is illustrated in Fig. 28, showcasing the 
location of the head scarp, the direction of landslide move- 
ment, and the inclusion of several islands formed as a result 
of the landslide in the sea. 
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A previous researcher conducted an estimation of the 
topography prior to the landslide and identified the potential 
sliding surface based on the current digital map (Unzen 
Restoration Office of the Ministry of Land, Infrastructure 
and Transport, Japan 2002, 2003). Figure 29 illustrates the 
pre-landslide ground surface topography (left) and the sliding 
surface of the landslide (right) depicted using LS-RAPID. 

Various tests on the two samples collected from the site 
using the undrained loading ring-shear apparatus were 
conducted to measure and estimate the necessary landslide 
dynamic parameters (Sassa et al. 2014). For further analysis, 
landslide dynamic parameters and a seismic earthquake 
record were input into LS-RAPID to conduct the landslide 
simulation. The landslide dynamics parameters used in this 
simulation are presented in Table 2. 

The dataset of landslide motion, obtained from LS-RAPID 
calculations at a temporal resolution of 0.1 s, served as input 
for LS-Tsunami to initiate the corresponding tsunami event. 
LS-Tsunami incorporated additional parameters such as the 
unit weight of seawater and the Manning’s roughness 
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Fig. 19 Screenshots demonstrate the execution of the simulation 


coefficient to account for basal resistance within the ocean. 
Utilizing the input from LS-RAPID, LS-Tsunami conducted 
calculations to simulate the motion of the resulting tsunami. 
The simulated tsunami heights were recorded and stored at 
each mesh point, with intervals of 0.05 s. The findings of the 
simulated tsunami are depicted in Fig. 30. 


5 Conclusions 

In conclusion, LS-Tsunami is a powerful software program 
that combines landslide simulation and tsunami simulation 
models to provide an integrated approach for predicting and 


mitigating the impact of landslide-induced tsunamis. The 
program offers user-friendly interfaces and 3D graphical 
output, making it accessible to beginners in the field. By 
utilizing the LS-RAPID landslide simulation model and 
incorporating additional parameters for tsunami simulation, 
LS-Tsunami enables accurate and reliable predictions of tsu- 
nami generation and propagation from landslides. It has been 
successfully applied to various cases, including a simple 
coastal landslide, a landslide-induced tsunami-like wave 
across a river in Vietnam, and a major landslide-induced 
tsunami disaster in Japan. The step-by-step user manual and 
the video tutorial provided in this paper outline the process of 
using LS-Tsunami, from configuring the simulation area to 
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Fig. 20 Screenshot of the simulation results display 


setting calculation conditions. With its capabilities and valuable tool for researchers, engineers, and decision-makers 
potentials for hazard assessment, disaster mitigation, and involved in mitigating the impact of landslide-induced 
risk management in coastal areas, LS-Tsunami serves as a tsunamis. 
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Fig. 21 Design of the simple coastal landslide 


Fig. 22 Tsunami and landslide 
profiles during motion (Sassa 
et al. 2016) 
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Fig. 23 3D view of the Tra Giang landslide (from Duc et al. 2020) 


Fig. 24 Elevation image after the 
event (a) and geological profile of 
the landslide (b) (from Duc et al. 
2020) 
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Fig. 25 DEMs of the landside area saved in LS-RAPID for simulation. Left figure is the topography of the sliding surface; red line is the border of 
initial landslide source area. Right figure is the topography of the estimated ground surface before the landslide (from Duc et al. 2020) 
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Table 1 Parameters used in LS-RAPID and LS-Tsunami computer simulation models (from Duc et al. 2020) 


Normal Values used for Tra Giang 
Parameters values landslide Source 
Lateral pressure ratio (k = o/o) 0.3-0.6 0.3-0.6 Assumed 
Steady state shear resistance (Tss, kPa) 5-50 10-15 Ref. to Quang et al. (2017) 
Shear displacement at the start of strength reduction 5-100 5 Ref. to Quang et al. (2017) 
(Dz, mm) 
Shear displacement at the end of strength reduction 100-5000 1000 Ref. to Quang et al. (2017) 
(Dy, mm) 
Peak friction coefficient at sliding surface (tan @,) 0.65-0.78 0.78 Ref. to Quang et al. (2017) 
Peak cohesion at sliding surface (c,, kPa) 10-100 10-20 Ref. to Quang et al. (2017) 
Friction coefficient during motion at sliding surface 0.46—0.70 0.68 Ref. to Sassa et al. (2010), and Quang 
(tan Pm) et al. (2017) 
Friction coefficient inside landslide mass (tan @;) 0.36—0.58 0.57 Ref. to Sassa et al. (2010) 
Pore pressure ratio (r, = Au/Ao) 0.0-1.0 0-0.5 Assumed 
Pore pressure generation rate (B,,) 0.0-1.0 0.6-0.99 Assumed 
Coefficient for non-frictional energy consumption = 1.0 Ref. to Sassa et al. (2010) 
(a) 
Threshold value of velocity (m/s) — 50 Record data 
Threshold value of soil height (m) — 50 Record data 
Manning coefficient — 0.025 Ref. to Sassa et al. (2016) 
Total unit weight of the mass (y, kN/m’) — 18.2 Test data 


Unit weight of water (y,,, kN/m*) — 9.81 Normal value 
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Fig. 26 Simulation of rainfall-induced landslide by LS-RAPID model (from Duc et al. 2020) 
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Fig. 27 Simulation of tsunami-like wave across the Truong River propagating from the landslide (from Duc et al. ) 
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Fig. 28 Google Earth image 
depicting the Mayuyama landslide 
and the islands formed as a result 
of the landslide (modified from 
Sassa and Dang 2018) 


Islands made by the 
landslide 


Fig. 29 Ground surface topography before the Unzen-Mayuyama landslide (left) and topography of the sliding surface (right) (Sassa and Dang 
2018) 
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Table 2 Parameters used in the computer simulation LS-RAPID for Unzen-Mayuyama landslide-and-tsunami disaster (from Sassa and Dang 2018) 


Parameters used in simulation 

Parameters of soils in the source area (deeper area) 
Steady-state shear resistance (Tys) 

Lateral pressure ratio (k = op /o,) 

Friction angle at peak (¢,) 

Cohesion at peak (c) 

Friction angle during motion (m) 

Shear displacement at the start of strength reduction (Dz) 
Shear displacement at the start of steady state (Dy) 

Pore pressure generation rate (Bss) 

Total unit weight of the mass (y;) 

Unit weight of sea water (yw) 

Parameters of soils in the moving area (shallower area) 
Steady-state shear resistance (Tys) 

Lateral pressure ratio (k = oj, /o,) 

Friction angle at peak (¢,) 

Cohesion at peak (c) 

Friction angle during motion (¢,,,) 

Shear displacement at the start of strength reduction (Dz) 
Shear displacement at the end of strength reduction (Dy) 
Pore pressure generation rate (Bss) 

Total unit weight of the mass (yt) 

Triggering factor 

Excess pore pressure ratio in the fractured zone (r,,) 

0.5 times of the 2008 Iwate-Miyagi earthquake 


Parameters of the function for non-frictional energy consumption 


Coefficient for non-frictional energy consumption 
Threshold value of velocity 

Threshold value of soil height 

Other factors 

Steady-state shear resistance under sea 

Unit weight of sea water 

Manning’s roughness coefficient 


Value 


120 kPa 
0.7-0.8 
42.0° 

10 kPa 
40.0° 
6mm 

90 mm 
0.7-0.9 
19.5 kN/m? 
10.1 KN/m? 


30-80 kPa 
0.8-0.9 
40.0° 

10 kPa 
40.0° 
6mm 

90 mm 
0.7-0.9 
19.5 kN/m? 


0.21 
Max: 370 cm/s” 


1.0 
100 m/s 
400 m 


10 KPa 
10.1 kN/m? 
0.025 
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Fig. 30 LS-Tsunami simulation outcome depicting the tsunami disaster triggered by the Unzen-Mayuyama landslide in 1792 (from Sassa et al. 
2016) 
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and Uroš Đurić 


Abstract 


In the framework of the project “Mainstreaming Climate 
Resilience in the Road Transportation Management in 
Serbia (CliRtheRoads)”, a complex mapping tool was 
developed to support the Government of Serbia and Public 
Enterprise Roads of Serbia in climate change adaptation 
planning and management. The software solution 
comprises of: a web portal for data entry and management 
for authorised users; a publicly available web-GIS appli- 
cation; a mobile GIS application; and a back-end database. 
This paper briefly overviews the system, focusing on the 
landslide data model. Therein, the main system and soft- 
ware solution breakthrough is automatizing the estimation 
of investment costs of engineering and non-engineering 
measures recommended at affected locations along the 
road network. A retrospective on its applicability and 
user feedback is also included. The objective was to facil- 
itate seamless road management by providing necessary 
data in a simple, understandable fashion, indicating which 
locations on the road network have higher priority. The 
introduced level of automation allows easier decision- 
making and investment planning. 
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1 Introduction 


Since 2016, The World Bank Transport Team has supported 
the Government of Serbia to mainstream climate resilience in 
the road transportation sector. The general idea was to con- 
nect transportation and natural disaster management after 
devasting floods and landslides in 2014 (Abolmasov 
2019; Durié et al. 2017; Marjanović et al. 2018a, 2018b). 
The total negative effect on the transport sector was EUR 
166.5 million (RNA Report 2014). Jotić et al. (2015) 
estimated that approximately more than 2000 landslides 
were activated on the state roads and more than 3000 on the 
local roads. Several activities and projects were conducted 
under the support of The World Bank in recent years, includ- 
ing a project titled “Mainstreaming Climate Resilience in 
Road Transport Management in Serbia” (CliRtheRoads). 
The project’s main objectives were to support the Serbian 
government to mainstream climate resilience in the road 
transport sector management in Serbia, by enforcing public 
agencies in charge of roads to follow the climate proofing 
agenda and include it in day-to-day practice. To that end, the 
primary step was to develop a practical methodology for 
assessing the road transport network’s climate-related 
hazards, vulnerability and risks. It was necessary to improve 
the capacities of key stakeholders in road network climate 
resilience planning and set the path for the development of 
structured and systematic response plans. The agenda 
included two parts, split into many different tasks, wherein 
one of them was to test the proposed methodology. The City 
of Valjevo was selected as a pilot region, followed by other 
regions. A crucial sub-task was the development of 
corresponding geographic information systems (GIS) maps 
for hazard, vulnerability, and risks; and mapping tools to 
collect the data in the first place. The project was led by 
IMC Worldwide Ltd. (UK) in partnership with the University 
of Belgrade, Faculty of Mining and Geology (SER), the 
Highway Institute Belgrade (SER) and the Acclimatise 
(UK) in 2017-2018. 
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Fig. 1 The study area location 
and the road network 
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The second phase of the project was led by the ARUP 
d.o.o. (SER) as a branch office of the Ove Arup and Partners 
International Limited (UK) and the University of Belgrade, 
Faculty of Mining and Geology as a partner. The second 
phase was finalized in 2020-2021. The testing area was 
changed to the Kraljevo-Caéak-Ivanjica region (Fig. 1) with 
an additional task to improve data acquisition by designing 
an Android application for mobile devices. 

The previous research and system development that 
influenced CliRtheRoads software solution was the project 
BEWARE, which developed an interactive web-GIS portal 
(Abolmasov et al. 2021; Abolmasov et al. 2017, 2018). The 
BEWARE mobile application, as a part of the integrated 
system, was built for the fieldwork and adapted for quick 
entry of field data, considering users’ experience in local self- 
governments (LSGs) (Vulović et al. 2017). Similar function- 
ality was envisaged for CliRtheRoads with an additional 
focus on road management issues, such as cost estimation, 
automation in staff shortage circumstances, and so on. 

The mission of this project and other initiatives was to 
raise awareness of the natural hazards and climate change 
within the public enterprise (PE) sector and LSGs and to 
motivate the legislative authorities to improve design 
standards in future and take these effects into account. Once 
the entire decision-making pyramid is updated with climate 
changing hazard approach, the management of the road net- 
work will become more sustainable. In this particular case, 
public enterprise staff and relevant decision-makers were 
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supplied with equipment and software, and then trained to 
use it, thereby allowing to digitize their day-to-day practice, 
with an emphasis of hazardous events along the road and 
forward thinking on their mitigation. 


2 Data Model 


The data model (Fig. 2) behind the CliRtheRoads system 
includes: (1) main concepts (entity types for instabilities, 
with detailed data comprising of common and specific 
attributes); (2) storage of multimedia (photographs from 
fieldwork); (3) knowledge base with the cost of activities, 
including catalogue per each entity type with job type and 
description, unit and total price, maintenance type (regular 
maintenance, rehabilitation, urgent maintenance), including 
recommending activities (the system allows users to add 
specific activities, description and cost of recommended 
works that is further calculated and aggregated with other 
data); and (4) secondary data from other sources (other 
projects, archived data and external resources), or from 
interpreted data (primarily from existing hazard models). 


2.1 Main Concepts 


Data acquisition was first conceived using analogue data 
forms to inventory affected road assets. The forms were 
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activityCatalog 


Fig. 2 The data model used for 
data entry, data editing, and 
storage of photographs 
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retrieved from various sources and experiences and 
simplified to the level of checkboxes and short inputs. 
Based on the adopted paper form, a digital version was 
developed with all related data definitions and specifications. 

Data fields used for all datatypes included general identi- 
fication data like: ID, project name, road mark, location 
(descriptive and geolocation), registration date, responsible 
researcher, and some metadata related to the user and data 
status (submitted for verification, pending, verified). 
Geolocations were recorded as longitude/latitude and 
chainage (start/end). Additional data may vary depending 
on the natural hazard at hand. 

For instabilities/slope failures (slides, falls, topples, and 
flows), additional data included: the date of activation or/and 
reactivation, type of movement, the material involved, water 
content, the velocity of movement, state of activity, geometry 
(dimensions), lithological composition, soil thickness, 
watercourses (permanent or intermittent), hydrogeological 
causes/triggers of instability, the position of the phenomenon 
in relation to the road, the threat of the road by the 
instability, traffic interruption, previous investigation and 
recommendations of various mitigation activities. 

According to recommended activity group (e.g., mainte- 
nance, investigation, design, and monitoring), the system 
allows the users to add specific activities within that group, 
with their further description and cost that is automatically 
calculated (in particular, for all maintenance activities, which 
are calculated per the legislative price list, while for others the 
cost is estimated by the expert) and aggregated with 
other data. 


2.2 Data Storage 

The Android mobile application of te CliRtheRoads 
facilitates the input of all these relevant data interactively in 
online or offline mode (in remote areas with no internet 
coverage). The data is locally stored and subsequently 


uploaded to the server once the Android device is back on 
the grid. 

A web application of the CliRtheRoads (http:// 
clirtheroads.rgf.rs/) was developed in parallel (using PHP) 
to facilitate data input (by downloading data from the mobile 
app or by direct web app input). All web forms were 
standardized, with specified required and optional fields and 
logical constraints, to help speed up the data digitalization 
phase and to ensure unified inputs. Data editing and valida- 
tion were also included. Data filtering and keyword-based 
searches provided easy access to the data stored in the 
database. 

Once all data was collected, it was stored in the 
PostgreSQL database using a model adapted to the input 
data forms. The database developed in the first phase of the 
project (for the Valjevo area) was modified to include new 
datasets and to store new data categories (such as floods, 
culverts, and bridges) and new modules (activity type and 
cost). Each data entry was assigned a code for the 
corresponding project: CliRtheRoadS1 (the Valjevo region) 
or CliRtheRoadS2 (the Kraljevo-Caéak-Ivanjica region). 


3 Data Management 
A screenshot from the web application with an overview of 
the catalogue for mitigation activities is presented in Fig. 3. In 
contrast, Fig. 4 shows the data entry form for this catalogue. 

Once defined in the catalogue, the interventions can be 
assigned to each observation entry (instabilities, culverts, 
bridges, floods), wherein all generic intervention costs (such 
as maintenance and urgent maintenance costs) are automati- 
cally calculated, while rehabilitation and design costs have to 
be additionally estimated by the expert user (as it is a site- 
specific matter). 

Thus, apart from entering instabilities (landslides), 
culverts, bridges, and floods that users encounter on the 
field (along the road) and reporting through the mobile or 
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Fig. 3 The preview of the main 
panel with activated (red) 
Activities catalogue, wherein a list 
of recommended activities can be 
defined (http://clirtheroads.rgf.rs/) 
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web app, a completely new cost module was developed, 
allowing direct estimation of the site mitigation cost. Generic 
recommended activities (e.g., maintenance) can be entirely 
customized regarding cost calculation. The catalogues based 
on data templates for different levels of predefined 
interventions include: the type of intervention, intervention 
description, unit, unit price, total price, and maintenance type 
(regular maintenance, rehabilitation, and urgent mainte- 
nance) per each entity type (instabilities, culverts, bridges, 
floods). They can be edited and changed if, for example, the 
unit price for specific activity becomes more expensive. A 
screenshot from the web application with part of the data 
entry form of recommended activities is presented in Fig. 5. 

In the first and the second phase of the project, ten users 
(field specialists), two application administrators (senior 
experts) and two database administrators (IT specialists) 
populated the database using either a web form or a mobile 
app. However, the tool is intended to be used by field workers 
from the PE or LSG after being adequately trained to report 
the event on a road network, recommend its impact 


Fig. 4 An example of 
recommended activities editing/ 
creating new (from the available 
list of activities), with the 
specified group, type of work/ 
intervention, its description, 
amount (defined by dimension), 
and unit 
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mitigation and estimate the cost of undertaken measures. It 
is a challenging task and could require a multidisciplinary 
team comprising different engineering fields, preferably geo- 
logical, civil engineering, etc. On the other hand, PE, or even 
more so LSG is expected to cope with the shortage of such 
staff profiles, another stimulus to improve the staff capacity 
in this respect. 

Various statistical analysis with graphical representation 
has been included in the CliRtheRoads application. An exam- 
ple is given in Fig. 6. Apart from the previous 187 records 
(CliktheRoads1), there are 264 new records (CliRtheRoads2) 
with fully described instabilities, supplemented by numerous 
photographs from the field. For culverts, 145 records from the 
first phase were appended, with 190 new records illustrated 
by several photographs per culvert. For bridges, there were 
123 records, while the new dataset included 71 records 
supported with 3—6 photographs per entry. The flood module 
is introduced within this project, and it contains ten unique 
records. 


wee eS eee = x & 
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Fig.5 An example of a 
completed data entry form for 
maintenance activity subgroup 


A Statistical module enabled a comprehensive overview of 
the data against different classification parameters. This was 
supported with a graphical preview of charts and tables, with 
links to appropriate data collections. Data classification can 
be represented and structured by various attributes, 
supplemented by basic statistics for road section, hazard 
process, geologic composition, length, depth, activity, traffic 
impact, etc. Almost any data category from the web form can 
be used as a classification parameter, with classes deduced 
from the database. 


4 GIS Component 


PostGIS Extension to PostgreSQL Database for hosting 
GeoServer was used to implement a website with mapping 
capabilities to provide the demanded geospatial data. To host 
GeoServer, the PostgreSQL database was extended with 
PostGIS. With the PostGIS extension, PostgreSQL can be 
used as a backend spatial database for GIS. GeoServer 


Fig.6 The example of statistical 
overview: the landslide data group 
(in particular, landsides in respect 
to road alignment: road below the 
landslide (orange bar); road 
crossing the landslide middle 
(blue bar), etc.) 
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provides a set of required functions, such as spatial data 
entry, management, analysis, and visualization, by sharing 
and publishing GIS resources on the web as web services. 
GeoServer is an open-source Java software server. It is used 
for generating, sharing, and managing geospatial data. Using 
open standards, GeoServer publishes data from any major 
spatial data source. 

This system consists of the database and the web applica- 
tion. It is also supported by a flexible web-GIS application 
containing selected data for public and internal use with maps 
produced by the field acquisition or external GIS processing, 
as seen in Fig. 7. It provides insight into the current, present, 
and future zones exposed to target hazards along the road 
network. A web-GIS application was developed on an open- 
source spatial database using the PostgreSQL database man- 
agement system. This is currently one of the most popular 
open-source spatial databases. 

Mobile applications in offline mode manage data in local 
data storage. In contrast, in connected mode (when the con- 
nection via the Internet can be established with the central 
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Fig. 7 Screenshot of the 
Web-GIS output (entry points 
with different colours for different 
types: red—instabilities; blue— 
bridges; black—culverts; blue 
section—flood) 


server), the data are sent to a central repository. The mobile 
application supports shorter data sets (e.g., entries completed 
by filling in only required fields) that can be further 
complemented (additional photographs can be uploaded, 
and other comments typed), edited and verified via the web 
application. The web application can be accessed from 
mobile phones since the interface is responsive and adaptable 
to the screen size (phone, tablet, laptop, desktop). The entry 
can be entirely on the field if there is appropriate internet 
coverage. 

Due to the risk of hazards recurring in the exact location, 
this inventory will provide planners with a screening tool 
showing the geographic distribution of known and poten- 
tially new occurrences and serving as a helpful decision- 
making tool that relates directly to road maintenance or 
remediation requirements. 

The main project outputs can be downloaded as open data 
in various machine-readable formats to enable the reuse of 
data for other related projects and research. 

The following raster outputs are included: hazard maps, 
the exposure to the hazard of the road network per link, and 
the hazard of the road network per segment (links split into 
500 m intervals). In addition, there are maps representing 
vulnerability and risk. The GIS maps are available in a raster 
(tiff) format with: associated colour maps (to keep the visual 
appearance of the maps constant regardless of the user system 
and software preferences), a vector (.shp) format with 
associated (lyr) files (compatible with ESRI software only, 
and also intended for preserving the visualization standards), 
and in Map Exchange Document (.mxd) files to preserve the 
symbology, order of appearance, background and layout 
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settings of the maps, legends, grids, scale bars, etc. (compati- 
ble with ESRI software only). There are also map package (. 
mpk) files available for ESRI software users, prepared in the 
same fashion (as .mxd format) but more suitable for transfer 
and sharing. 


5 Conclusion 


In the CliRtheRoads system, thematic road-related data were 
managed and stored in a PostgreSQL database. At the same 
time, mobile and web application developed using PHP pro- 
gramming was used to facilitate data input. Potential users 
can benefit from the CliRtheRoads application as the interac- 
tion is simplified to the level of advanced field users. The user 
should be a PE or LSG staff member familiar with the hazard 
processes (primarily floods, flash floods, rockfalls and slides) 
and the affected road asset. Ideally, the team for data collec- 
tion should comprise engineering geologists and civil 
engineers trained to use the app. The system allows 
decision-makers to use primary outputs directly per affected 
location or road link/segment. The system enables decision- 
makers to act more confidently without knowing in-depth 
hazard analysis, structural remediation or other components 
because they are scaled down to estimated risk and cost. 
Although available for all Android devices, it is 
recommended to use the app on a tablet of 10’ or similar 
size for better perspective and power autonomy (an Android 
phone can be used for other purposes during the day and 
drain the battery). It is also advisable to make entries in paper 
form in parallel, especially in long field campaigns and if the 
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field team is large enough (three or more members). In this 
project, two regions were used to test all functionalities: the 
Valjevo and the Kraljevo-Caéak-Ivanjica regions. A total of 
461 records were collected with fully described instabilities 
(slides, falls, topples, flows), documented by many 
photographs from the field. Additionally, every record is 
supplemented by engineering solutions to support field 
engineers or decision-makers for better road management in 
climate changing conditions. 
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Abstract 


The paper focuses on the geomorphological processes and 
potential geo-hazards affecting the cultural heritage rock- 
cut sites of AlUla region. Its best-known site is Hegra, 
with more than 110 monumental tombs with elaborated 
façades carved directly into the sandstone rock. In addi- 
tion, AlUla hosts a number of fascinating historical and 
archaeological sites such as its Old Town, surrounded by 
an ancient oasis, and Dadan, the capital of the Dadan and 
Lihyan kingdoms. The study is mainly aimed at 
investigating the local rock material, evaluating 
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characteristics of rock masses, understanding rock degra- 
dation processes and characterizing the potential impact of 
slope instabilities on the conservation of cultural heritage. 


Keywords 


Geomorphological processes - Rock slope instabilities - 
Cultural heritage 


1 Introduction 


The present paper focuses on the preliminary assessment of 
the ongoing and potential geo-hazards affecting the AlUla 
archaeological sites. Located at 1100 km West from Riyadh, 
AlUla covers an archaeological area (e.g., necropolis, 
quarries and settlements) of more than 22,000 m? (Fig. 1), 
where it is possible to walk in a luxury oasis through ancient 
world heritage sites in a rock cut landscape shaped over 
million years (Margottini and Spizzichino 2021). Its best- 
known site is Hegra, the main southern city of the Nabataean 
kingdom, before becoming a Roman outpost, and the first 
UNESCO world heritage site in Saudi Arabia. It is conserv- 
ing over 110 monumental tombs with elaborated facades 
carved into the sandstone rock. In addition to Hegra, AlUla 
hosts a number of fascinating historical and archaeological 
sites such as its Old Town, surrounded by an ancient oasis; 
Dadan, the capital of the Dadan and Lihyan kingdoms, con- 
sidered one of the most developed cities of the first millen- 
nium BC in the Arabian Peninsula; and thousands of ancient 
rock-art sites (e.g. Abu Ud, Jabal Ikmah). 

Many rock-cut monuments are affected by different natu- 
ral threats such as surface weathering and erosion, rising 
dampness, rock surface detachment and large-volume slope 
instabilities. To ensure the long-term conservation of sites 
affected by such natural threats, detailed investigations, mon- 
itoring and consolidation measures are required, specifically 
developed for rupestrian cultural heritage sites (Spizzichino 
et al. 2016; Boldini et al. 2017; Margottini and Spizzichino 
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Fig. 1 Map of AlUla oasis and investigated archaeological and natural sites 


2022). The activities are characterized by a thorough multi- 
disciplinary approach including competencies in archaeol- 
ogy, engineering geology, rock mechanics, landslide risk 
assessment and management as well as in conservation, pro- 
tection and mitigation measures. 

To define the main physical and mechanical proprieties of 
the rock materials, two laboratory test campaigns were car- 
ried out, in 2020 and 2021. The structural setting of the rock- 
mass (bedding planes, joints, faults), related to the strati- 
graphical genesis, the tectonic activity of the Red sea, and 
the geomorphological evolution of the slope, was identified 
and classified. Local rock-mass conditions were found to 
promote slope instabilities (e.g., rockfall, sliding, toppling) 
that may affect both the heritage itself and visitors. 

This preliminary assessment of prevailing kinematics and 
potential geo-hazards will allow the implementation of a 
general master plan, to be considered as a first step for the 
following detailed design stage. The master plan will contain 
a first selection of the most appropriated mitigation and 


consolidation measures, characterized by a low environmen- 
tal impact and employing, as much as possible, traditional 
knowledge to site preservation. 


2 The AlUla Archaeological Section 


The province of AlUla keeps and shows extraordinary human 
and natural heritage. Its homonym capital is in the center of 
Wadi Al-Qura, an impressive valley carved out of sandstone, 
in which there is evidence of human presence, at least, since 
200,000 BP. The AlUla wadis were a meeting point and a 
natural route for millennia, crossed by important trade routes 
used since prehistory, and with special intensity since the first 
millennium BC. With the flourishing of the cultures of 
Dadan—Lihyan, and Nabatean one later, the Incense Route, 
which from the south of the Arabian Peninsula crossed the 
AlUla region, reached the main eastern ports of the Mediter- 
ranean Sea. In this sense, the discussion on the introduction 
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Fig. 2. Nabatean tombs in the Hegra archaeological site 


and spreading of the Neolithic phenomenon in the peninsula 
is also particularly interesting. These traditional communica- 
tion routes are punctuated by an astonishing dispersion of 
rock art and monumental rock structures that provide us with 
a wealth of information. Regarding the latter, the research 
projects promoted by the Kingdoms Institute of the Royal 
Commission for AlUla (Thomas et al. 2021) detected close to 
1400 Mustatils. It was possible to obtain the absolute dating 
of them with 14C, that takes us to the late Neolithic, around 
6000 BC (Ramsey 2020; Reimer et al. 2020). AlUla is home 
to some of the main archaeological landmarks of Arabia, 
such as the site of Al-Khuraybah, ancient Dadan, capital 
city of the Dadanite and Lihyanite kingdoms. Dadan was 
likely one of the most developed cities of the first millennium 
BC. of the region. As an indisputable heritage legacy, the 
sandstone valleys also protect thousands of inscriptions in 
several different languages and alphabets, from Dadanite to 
modern Arabic. Jabal Ikmah, Abu Ud or Al-Agra’a are an 
undoubted and powerful human testimony in the area. With- 
out a doubt, the most recognized archaeological site is Hegra. 
Extending over 52 hectares, Hegra was the most important 
Nabatean city and royal cemetery in the south of their king- 
dom, since at least the first century BC (Fig. 2). UNESCO 
world heritage site since 2008, Hegra protects more than a 
hundred monumental tombs from this period, and had 
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continuity during the Roman period, probably as one of the 
southernmost places in the province of Arabia Petrea. After 
the transition to Islam in the seventh century, the cities of 
Q’uhr and AlUla appeared in written sources as important 
places for pilgrimage routes. Testimony of this is reflected 
both in the archaeological remains of the first, next to the 
town of Mughaira, and in the Old Town of AlUla, whose 
streets, squares, and farms seem frozen in time. 

The latest reflection of this evolution is made up of the 
characteristic elements of the Ottoman presence, both in the 
form of various fortifications and military equipment, as well 
as that of the Hijaz railway. Its construction, which was 
intended to complete the connection of Damascus with 
Madinah, was suspended by the First World War. Figure 3 
summarizes the chronology for AlUla civilization. 


3 Geological Setting 


From the geological point of view, the area of AlUla is 
located at the border between the basement complex and 
the Arabian foreland, constituted by coarse clastic sediments 
(mainly sandstone). The detailed distribution of the various 
geological formations is reported in Fig. 3 (modified after 
Donald and Hadley 1987). 

Outcropping succession in the AlUla archaeological 
region includes the Siq Sandstone and Quweira Sandstone 
and the upper Quaternary alluvial deposits. The sandstone 
layers are sub-horizontal, gently dipping about 5° in N-NE 
(330°N). From the geological profile reconstructed by Buro 
Happold Engineering (2019) it is possible to notice that, due to 
this gentle dipping and due to topography, the Siq Red Sand- 
stone is mainly outcropping in AlUla and surrounding (Dadan, 
Old Town, etc.) while, in the Hegra area, the Quweira Sand- 
stone is dominant. The Quweira occurs in cross-bedded 
stratifications with bed thicknesses of 2 to 5 m (Table 1). 

The Siq Sandstone, dark red to brownish-red and medium- 
grained, is divided into three sub-units, namely the Lower 
(sandstone conglomerate of white quartz cobbles), Middle 
(fine, fractured strata) and Upper Siq (massive and very 
compact) Sandstones (Fig. 4). 


Nabataean Islamic period KSA-1932 
Kingdom mecra) (QURH, AL-ULA) 
< 106 CE 
Bronze Age g Guy 
~2,000. x 1c.« lc 7c. 12c. 16c. 


Ancient 
North Arabian 
Kingdoms (DADAN) 


Fig. 3 The AlUla chronology (source https://www.rcu.gov.sa) 
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Table 1 Litho-stratigraphic units and sub-units in the region of AlUla 
Age (period) 

Early Ordovician 

Late Cambrian 

Middle Cambrian 

Early Cambrian 


Proterozoic basement (pre-Cambrian Arabian shield) 


The panoramic photograph in Fig. 5, taken on 2014 from the 
“highpoint” on top of Harrat (lava plain or volcanic field of Al 
Uwayrid west of AlUla - Wahbi), displays most of the lytho- 
stratgraphic succession in the area. This division is evident 
from the erosion profile of the outcrops in the area (Fig. 5). 


4 Physical and Mechanic Characterization 
of Rock Mass and Rock Material 

4.1 Field Survey and Rock-Mass 

Characterization 


Geo-mechanical characteristics of the AlUla rock formations 
were investigated through geomechanical field surveys and 
laboratory tests, these latter executed directly in Italy 


AGE UNIT MATERIAL 
Quaternary Alluvium 
Alluvium 
Quaternary Harrat Flood basalt 
Ordovician Saq Sandstone 
— Sandstone, 
Cambrian Quweira 
group, 
Siq group Sandstone 
Proterozoic 
Lower Lava and 
Jiddah pyroclastic 
group rock 


Fig. 4 Geological map of AlUla region (modified after Donald and 
Hadley 1987) 
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Geological unit Sub unit 

Saq Sandstone 

Quweira Sandstone 

Siq Sandstone Upper 
Middle 
Lower 


Jibalah Group and basement 


(Gallego et al., in printing). The surveys were carried out 
following the recommendation of the International Society 
for Rock Mechanics (ISRM 1978a, b, 1981). The following 
activities were carried out directly during field surveys in 
Hegra and Dadan (Table 2): 


1. geo-structural analysis of the slope façades (orientation 
and main characteristics of discontinuities); 

2. Barton’s profilometer tests for reconstructing the joint 

roughness (JRC); 

. sampling of blocks to be used for laboratory testing; 

4. Schmidt-hammer tests on joint surfaces and intact rock 
blocks for in-situ assessment of the uniaxial compressive 
strength (JCS); 

5. tilt tests for base friction angle assessment (p). 


W 


The rock mass classification index GSI was also assessed 
(Table 2). 


4.2 Laboratory Tests 

During the December 2020 campaign (Gallego et al. 2022), 
five rock samples were collected near the cities of Mada’in 
Salih (better known as Hegra) and Dadan (Fig. 5). They 
consist of two Yellowish Sandstone blocks, belonging to 
the Quweira Group, and three Red Sandstone blocks of the 
Siq Group (Fig. 6). A total of 40 specimens were prepared for 
the mechanical tests, of which 22 for the uniaxial compres- 
sion test (Fig. 7a), with a diameter of about 25 mm, and 18 for 
the Brazilian test (Fig. 7b), with a diameter of about 50 mm. 
Uniaxial compression tests and Brazilian tests were 
performed using a 10 and 50 kN load cells, applying respec- 
tively a load rate of 0.5 MPa/s and 200 N/s (ISRM 1978c). 
Before the mechanical tests, the P wave velocity was also 
measured on all the specimens. The average values of the 
physical and mechanical properties for each sample are 
summarized in Table 3. 

The increase in porosity reduces significantly Vp values 
for both rock formations, with differentiated trends for the 
Yellowish and Red Sandstone samples (Fig. 7). 

The uniaxial compressive strength o, ranges from less 
than 10 MPa for a specimen of the sample 2 to over 
50 MPa for a specimen of the sample 1, both belonging to 
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Fig. 5 Panoramic view (slightly vertically-exaggerated) of the litho- 
stratigraphic succession in the AlUla area, taken from the highpoint of 
Harrat Al Uwayrid, west of the town of AlUla. Sandstone units are 


the Yellowish Sandstone lithotype. Specimens prepared from 
the Red Sandstone blocks are characterized by ©. values in 
the range 18—42 MPa. 

Consistently, specimens from samples 1 and 2 display 
respectively the highest and lowest values of the tensile 
strength ©, from almost 8 MPa in the case of the first block 
down to about 0.5 MPa in the second one. Values of 6; similar 
to those obtained for the sample 1 were identified for 
specimens obtained from samples 3 and 4, while significantly 
lower values were attained by the two specimens cored from 
sample 5. In general, inspection of the two figures highlights 
the substantial influence of porosity on the rock material 
strength (Fig. 8). 


5 Geo-hazards and Morphological 
Processes Threatening the Sites 


The term geo-hazards includes very different types of mor- 
phological processes and involve both long-term and short- 
term geological processes. In the following, the main insta- 
bility and weathering problems affecting the sites at different 
scales are briefly described. 

The different archaeological sites of AlUla region are 
completely carved and realized into the Quweira and Siq 


recognized in this section, except for the Saq Sandstone, which outcrops 
out further north of this area (Wahbi 2014) 


Sandstones. The local quality of the rock-mass is directly 

depending on: 

1. lithology and rock material of depositional layers 
(e.g. minerals, texture and composition); 

2. level and typology of weathering and erosion; 

3. structural setting (e.g. joints, fractures, faults). 


The slope angle for most of the rock faces is prevalently 
higher than 80°, with frequent overhanging surfaces conse- 
quent to erosive processes or block collapses at their base. 
Slope kinematics, and thus potential failure modes, is mainly 
ruled by high and medium dip angle of the main 
discontinuities versus local slope orientation. Also the pres- 
ence of horizontal discontinuities (bedding planes) is condi- 
tioning failure modes and volumes of potential instability 
(see Fig. 10). 

Following is a description for each investigated site. 


5.1 Hegra 

The archaeological area of Hegra occupies a flood plain in the 
orographic left area of the northern part of the AlUla oasis. It 
is characterized by the outcrop of small hills formed by 
sandstone blocks (QEqr) completely immersed in a real 
small desert of gravel deposits (Qu). 


Table 2 Average discontinuity and rock mass parameters for Hegra and Dadan sites from the first campaign in 2020 (Gallego et al. 2022) 


JCS 

MPa 
Hegra 32-42 
Dadan 2841 


JRC Po GSI 
(69) = 
37-43 67 
40-45 65 
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Fig. 6 Location of rock blocks 
collection 
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The characteristic formations that host the Nabatean 
necropolis are the final and cumulative result of two different 
and combined (mutually interdependent) morphological pro- 
cesses. The first, with very slow evolution, concerns the 
effects of wind erosion and precipitation. The second, in 
rapid evolution, concerns the diffused collapse phenomena 
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Fig. 7 P wave velocity against total porosity (Gallego et al. 2022) 
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that develop along the edges of the façades for structural and 
geo-mechanical factors. 

The first process leads to the creation of spectacular 
weathering and erosive forms typical of these geological 
formations which in their final stage produce the so-called 
rock mushroom (Fig. 9). 

In the second case widespread processes of morphological 
instability or geo-hazards (mainly rockfall) occur, which 
characterize both the external and internal portion of the 
tombs and also the rock masses in which they were built. 

The erosional phenomena promote also the thinning of 
different support structures (pillar, eves, rock wall, 
architraves and gates) inside and outside the tomb as well 
along and on the top of natural slope. 

The main instability processes affecting the whole Hegra 
archaeological area are: 


1. Rockfall, rock sliding, wedge failure, toppling, free fall 
(from small to medium to large dimensions) affecting both 
the rock façade and the slope in which the tombs are 
carved; 

2. Collapse (from very small to medium dimensions) involv- 
ing directly the carved architectonic structure of the 
Tombs; 

3. Weathering and erosion processes (from small to large 
scale) affecting both the slope facade and Tombs. 


Some examples of the three typologies above mentioned are 
reported in the following Fig. 10. 
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Table 3 Summary of the physical and mechanical properties of the rock materials (Gallego et al. 2022) 
Sample Pary (Mg/m?) Ps (Mg/m?) n (%) Vp (km/s) 6. (MPa) © (MPa) 
1 2.390 2.688 11.1 35 50.24 6.83 
2 2.087 2.669 21.8 1.5 9.93 0.50 
3) 2.265 2.679 15.8 3.9 38.51 7.68 
4 2.238 2.678 16.4 37 41.18 6.46 
5 2.060 2.694 23.6 29 24.85 2.74 
All the 138 tombs were investigated, collecting representing the maximum difference in elevation between 


parameters that are synthesized in the following Table 4. 
Geometrical data were provided by a laser scanning survey 
TLS (Fig. 11). 

All the information were managed within a GIS software, 
providing detail information about the state of conservation 
for each tomb. A global rank about the state of conservation 
among all tombs was also provided, giving an outcome as 
showed for some examples in Fig. 12. 


5.2 Dadan 
The site of Dadan is landscaped composed by an alluvial 
plane with archaeological remains only partially excavated, a 
gentle slope with few tombs, a vertical cliff that in the lower 
part was used as a quarry to collect stones for the construction 
of nearby village and where, at later stage, many tombs 
belonging to people with high social status were digged, the 
upper part of the mountain where ritual installations, rock art 
and defensive installation are located (Fig. 13). 

From the previous landscape zoning it is quite evident that 
the highest energy of relief, a quantitative parameter 


the highest point and the lowest point measured in a given 
area, is concentrated on the vertical cliff were the quarry and 
the tombs are located. High energy of relief means high 
susceptibility of cliff instabilities, potentially involving both 
archaeological remains and visitors. 

From a mechanical point of view, the area of Dadan 
(Fig. 14) is characterized by a 20 to 25 m thick massive 
sandstone layer in the upper Siq (SU), laying directly over 
the transition from the Middle Siq to the Upper Siq unit 
(characterized also by a small thickness silty to clayey beds, 
such as SM). The SU layer was quarried because of the 
position and of the physical and mechanical characteristics 
that made the rock material suitable for construction. Exca- 
vation was carried out with different techniques that can be 
identified by the presence of natural and induced fractures or 
linear pick marks. Extraction was performed both parallel 
and perpendicular to the slope face. Some evidence of the 
quarrying activities is the presence of holes for placing 
scaffolding-like structures or for moving along the slope or 
for anchoring ropes. Quarrying was performed by taking 
advantage of weak bedding or lamination planes, and open 
or latent discontinuities. Chisels, points, hammers, picks, 
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Fig. 8 Uniaxial compressive strength (a) and tensile strength (b) against total porosity (Gallego et al. 2022) 
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Fig. 10 Example of the main instability processes affecting the differ- 
ent tombs in Hegra: upper sequence of photos stands for rock slide and 
free fall; middle sequence is reporting small cracks, fractures and 
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saws, and wedges were used to cut, excavate and open artifi- 
cial fractures or for removal of large blocks by a progressive 
lowering of the upper rock face surface. 

In the upper part, the Quweira sandstone (Q) is 
outcropping. 

As a matter of fact, the area of Dadan is highly affected by 
rockfalls in general. Some relevant examples of potentially 
unstable blocks affecting the rocky cliff were surveyed dur- 
ing field investigations and are summarized in the following. 
The slopes are prevalently sub vertical to vertical (>80°), 
especially along the quarry area, and gentler along the talus 
and quarry waste deposits. The outcropping sandstone 


detachment affecting the tomb façade; lower sequence is showing 
weathering and erosive processes present in the area 
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Table 4 Information provided for each tomb 
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Group, Name of the tomb (if any); Number; coordinates 


Brief description of the tomb and relevant index 
Describe surface erosion, weathering, small falls etc.; excellent; very good; good; low; very 


Describe occurred or potential rockfall, wedge, planar, toppling instabilities and their possible 


Parameters Description 
Pl Generalities 
P2 Map Topography or Google Earth image 
P3 Photo Number 
P4 TLS 
P5 Archeology 
P6 State of conservation from visual 

inspection low—endangered; 
P6-1 Numerical ranking (Ranking: 100-75-50-25-0) 
P7 Geomorphological phenomena 

volume (cm?) 

P8 Geology 
E9 Groundwater 
P10 Rock/soil materials Density, UCS (Hammer), JCS, Tilt test, GSI 
P11 Kinematic analysis Stereo plot 
P11-1 Slope face Dip direction and dip angles (a and f) 
P12 Possible monitoring Proposal 
P13 Potential evolution or risk Hypothesis 
P14 Notes 


presents a few prominent sub vertical discontinuity sets (N-S, 
E-W, ENE-WSW) whose origin, especially the joint system 
parallel to the slope face, can be associated to main regional 
tectonic trends. Unstable blocks, kinematics and the potential 
failure modes are mainly ruled by steeply dipping 
discontinuities sub parallel to the local slope orientation 
(see Fig. 14) and the sub horizontal bedding. These generate 
detachments with overhanging elements and only very minor 
sliding components. 

In addition, it can be noted that the main joint sets have 
been used as weak planes along which quarrying activities 
were carried. The presence, spacing and continuity of bed- 
ding are conditioning factors controlling both the failure 
modes and unstable block volumes (Fig. 15). 

According to the geomorphological survey of the area, the 
main typologies of instability processes are rockfalls (planar 
slide, wedge failure, toppling and free fall) in the vertical cliff 
with Upper Siq sandstone and Quweira on top of the area and 


Fig. 11 Example of laser scanner survey (TLS) in Hegra: the tomb of 
Al Farid (courtesy of Factum Foundation) 


rill erosion in the gentle slope where the Middle siq is 
outcropping. More in detail it is possible to recognize the 
following processes and related dangerous situations: 


1. potential planar slide, wedge failure, toppling and free fall 
(from small to medium to large dimensions), affecting the 
whole rocky cliffs, both in the vertical Upper Siq sand- 
stone and in the topmost Quweira sandstone; 

2. runout of blocks collapsing from the cliff, falling, bounc- 
ing and rolling in the lower part of the cliff, mainly 
concentrated along the gorges of the slope but also along 
the talus; 

3. fall of loose small blocks and debris, standing on the 
various morphological terraces above the quarry. This 
category can be considered a subset of item 1; 

4. in the intermediate Siq formation, represented by the 
inclined deposit at the bottom of the cliff, also partially 
covered by collapsed blocks and debris from the quarry, in 
occasion of heavy rainfall some important rill erosion may 
occur. 


Figures 16, 17, 18 and 19 show the above four typologies of 
geomorphological instability processes. 

When looking at the impact of previous processes (hazard) 
on exposed elements, it is important to notice the following 
(Fig. 20): 


1. the collapse of small/medium blocks from the quarried 
part of the cliff may damage the archaeological remains, 
i.e. the tombs carved on the cliff, either directly impacting 
on them or having the carved tomb as part of the collaps- 
ing block (Fig. 18); 
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Nec is of Jabal al-Ahmar 


Fig. 12 Global ranking for the state of conservation of Hegra tombs. Example from Necropolis of Jabal al-Ahmar. The color is indicating the degree 
of damage 
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Fig. 13 The landscape zoning with major archaeological settlements in Dadan area (After Moriset and Gandreau 2022) 


2. fallen blocks from the upper part of the cliff, during the 
runout, may potentially impact on visitors at the toe of the 
slope (Fig. 21) and on cars driving on the earth road inside 
the archaeological park; such block can also damage the 
tombs located in the intermediate Siq formation (Fig. 22); 

3. the already detached small blocks and debris standing on 
the various morphological terraces above the quarry may 
potentially impact on visitors at the toe of the slope; 

4. the occasional rill erosion in the medium Siq formation 
may also damage the tombs located in this part of the 
slope. 


5.3 AlUla Old Town 

AlUla Old Town is currently exhibiting an important devel- 
opment. Buildings are under restoration and the main road is 
showing new shops and commercial activities (Fig. 23). 


In the present situation is becoming essential to under- 
stand the potential impact on people and buildings of falling 
blocks coming from the Western cliff, investigating their 
possible trajectory and runout. 

According to Varnes (1978), rockfall events involve the 
detachment (sliding, wedge, toppling and free fall) of rock 
mass fragments, which are then transported by gravity 
(runout) through free fall, bouncing, rolling, sliding, and are 
ultimately deposited on a talus cone or as individual debris 
deposits. Thus, rockfalls can be damaging events, and 
assessing rockfall potential and past rockfall events are 
important to analyse potential risks and discuss mitigation 
strategies. Review works on rockfall hazard assessments are 
provided by Ferrari et al. (2016), Gerber (2019), Loew et al. 
(2021) and Marija et al. (2022). 

The measurement of size and shape for a large number of 
boulders (rock blocks) in the field is cumbersome and very 
time-consuming. Nevertheless, the size (volume) and shape 
of the boulders belonging to a rockfall are expected to pro- 
vide helpful information for the understanding of transport 


Fig. 14 Geological insights of the Dadan archaeological area: (a) the 
geologic chart projected on the satellite image (from Google Earth©), 
the blue lines represent the debris from the old quarry, as well as the 


debris cones and the talus accumulation, “Sm” stands for Middle Siq 
sandstone, “Su” for Upper Siq sandstone, “Q” for Quweira sandstone 
and “A” for alluvial deposits 
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Fig. 15 Examples of rock façade at Dadan site. Type, spacing and 
fracturing of the joints are clearly evident. The lower strata are interested 
by the quarry excavated during the Dadanite time. In the latter joints and 
discontinuities were used to facilitate the carving of the quarry, as well 
as of the ancient tombs 


and run-out dynamics of rock particles as well as calibration 
for modelling. Therefore, lidar point cloud and satellite 
images were used to measure the size (volume), the shape 
and the run-out length of most boulders. 

Such approach provided a landslide inventory map, in 
terms of surface block distribution, as relevant input data 
for a 3D rockfall simulation model, coupled with topographic 
and geotechnical data. The map in Fig. 24 represents the 
accumulation area where the boulders runout after the detach- 
ment from the cliff. Figure 24 provides also a detail of the 
general rockfall inventory map and the related frequency/ 
distance chart. 


Fig. 16 Example of rockfall affecting the rocky cliff of Dadan 


Fig. 17 Rock boulders freely running on the slope after the collapse, 
until resting at the toe of the cliff 


Considering the difficulties in the direct identification of 
source areas in the field, due to the elevated morphology, a 
relevant support was provided by the use of a semi-automatic 
kinematic analysis (Gigli and Casagli 2011). From this tool, 
the identification of susceptible areas was developed and 
coupled with field survey. Figure 25 shows the global kine- 
matic index, summing up the hazard for the various 
typologies of instabilities (Gigli and Casagli 2011). 

The rockfall runout simulation was performed by using 
the 3D model Hy-STONE (Agliardi and Crosta 2003; Crosta 
and Agliardi 2003). 

The 3D models are able to simulate block motion along a 
slope by including lateral dispersion of trajectories due to 
large and small scale morphological complexity 
(Descoeudres and Zimmermann 1987: Guzzetti et al., 2002; 
Agliardi and Crosta 2003; Crosta and Agliardi 2003; Dorren 
et al. 2006). The obtained results are spatially distributed over 
the entire study area, without need for any interpolation of 


Fig. 18 Already detached small blocks and debris on the cliff terraces, 
potentially falling on visitors 
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Fig. 19 Rill erosion (dashed line) occurring at the medium Siq forma- 
tion (inclined strata) in occasion of heavy rainfall, damaging the archae- 
ological remains 


Fig. 21 Collapsed blocks at the toe of the cliff with the pedestrian 
pathway passing through. This is a clear example of a pathway standing 
too close to the cliff and exposing visitors to a potential risk of being 
involved in a rockfall 

data computing along specific trajectories or imposing 


predetermined fall direction. 

Hy-STONE incorporates both kinematic (lumped mass) ~ 
and hybrid (mixed kinematic-dynamic) algorithms, allowing 
to model free fall, impact and rolling. Different damping 
relationships are available to simulate energy loss at impact 
or by rolling. The topography is described by a raster DEM, 
which is converted in a vector topographic model (Triangu- 
late Regular Network, Guzzetti et al. 2002) for the solution of 
impact and rolling. 

The stochastic nature of rockfall processes is introduced as 
a function of model spatial resolution and by random sam- 
pling most parameters from different PDFs (e.g. uniform, 


Fig. 20 Potential collapse in the quarried part of the slope and involv- Fig. 22 Tombs located in the intermediate Siq formation and damaged 
ing archaeological remains by the runout of collapsed blocks 
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Fig. 23 General view of AlUla Old Town and the dangerous Western cliff 


Fig. 24 Rock block inventory 
along the Western cliff and 
frequency/distance distribution 
from origin source 
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Fig. 25 Global kinematic index 
for the Western cliff of AlUla 


normal, lognormal, exponential). The capability to simulate 
the effect of passive countermeasures, dynamics of “flying 
rocks” and the effect of vegetation were implemented and 
tested against real events (Frattini et al. 2012). A special 
elasto-viscoplastic strain hardening model for impact on 
soft ground (Di Prisco and Vecchiotti 2006) was also 
implemented. Model results are provided in both raster and 
vector formats and these include rockfall frequency, density 
of arrest points, critical sources area, fly height, rotational and 
translational velocity and kinetic energy, as well as informa- 
tion about motion type, and impact locations. 

The following Fig. 26 shows the result of the 3D 
modelling, highlighting that the possibility that some 


University of Milano Bicocca 


titres Dept of Earth and Environmental Sciences HY -STONE 


3D Rockfall simulation — Al Ula, Saudi Arabia 
3D trajectories intersecting the elements at risk 
(upper sector) 
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trajectories of falling boulders are arriving till the border of 
Old Town is not negligible. 


6 Conclusion 

The AlUla oasis covers a wide archaeological area where it is 
possible to visit ancient heritage sites in a rock cut landscape 
shaped over thousand years. In addition to its best-known 
World Heritage site of Hegra, the region hosts a number of 
fascinating historical and archaeological sites such as its Old 
Town; Dadan and many ancient rock-art sites. 


brar- “RES 
EE Non-critical source areas 
E Critical source areas 


3D vector trajectories intersecting the elements at risk 


Fig. 26 3D trajectories intersecting the elements at risk in AlUla Old Town. In this simulation the source for falling boulders is the upper part of the 


Western cliff 
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The entire area is characterized by the presence of low to 
medium strength sandstone formations. More in detail, the 
north area shows the outcropping of the Quweira Yellowish 
sandstone unit while in the central and Southern area (Old 
Town and Dadan) and further south the Siq Red Sandstone 
appears, divided into three main sub-units (Lower, Middle 
and Upper). The poor geological and geomechanical 
characteristics of these two formations affect the potential 
instability and weathering of the cultural heritage sites carved 
into them. 

The geological formations are characterized by a signifi- 
cant internal variability, both vertical and lateral. The 
Quweira Yellowish Sandstone, of interest for the site of 
Hegra, is mainly interested by diffused weathering and ero- 
sional phenomena as well as rockfall connected to internal 
structural asset. The archaeological areas in the Siq Red 
Sandstone, i.e. Dadan and Old Town, are mainly affected 
by rockfall and slides as a consequence of the local 
discontinuities pattern. 
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Refugees’ Perception of Landslide Disasters: Insights 
from the Rohingya Camps in Cox’s Bazar, Bangladesh 


A. S. M. Maksud Kamal, Anika Samm-A, Bayes Ahmed, and Peter Sammonds 


Abstract 


The Kutupalong-Balukhali expansion Rohingya camp 
provides shelter to nearly one million refugees in a 
landslide-prone area. The Rohingyas seeking refuge in 
the camps deal with annual landslide events. This study 
looks into the existing risk perception of landslides in this 
shelter-seeking refugee community. Using a structured 
questionnaire, we conducted a face-to-face survey of 
400 Rohingya people from six selected camps in March 
2022. We collected information about refugees’ 
perceptions towards landslide disasters, exposure to haz- 
ardous events, mitigation measures, preparedness knowl- 
edge, and risk communication. Descriptive statistical 
analysis was carried out to find out the existing condition 
of the camps. A regression analysis (Proportional Odds 
Model) was applied to determine the perception of people 
at risk. We found that exposure to previous landslides, 
mitigation measure quality, and emergency managers’ 
roles were crucial in defining people’s risk perception 
compared to the demographic characteristics of the 
Rohingya population. A combination of integrated miti- 
gation, preparedness, and inclusion of laypeople in the 
overall management process would reduce landslide 
disaster risk inside the camps. 
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1 Introduction 


Landslide hazards have become an annual event for the hill 
tracts of Bangladesh in the monsoon. Kutupalong Rohingya 
camp lies in this hill tract regime (seismically active zone), 
providing shelter to conflict-fled Rohingya (Kamal 2013; 
Rahman et al. 2020). Despite being located in a landslide- 
prone site, an extensive area of the camp’s terrain has been 
flattened to accommodate the enormous influx of these peo- 
ple. Rohingya cut the slopes and construct their bamboo- 
based makeshift shelters as they are allocated designated 
sites in the fixed camp. Unfortunately, these folks are 
contributing to more hazards. After the arrival of the 
Rohingyas in 2017, the camp repeatedly dealt with landslide 
events. There have been reports of landslide occurrence for 
four consecutive years (2018, 2019, 2020, and 2021) with 
casualties in the camp (Ahmed et al. 2018, 2020; ISCG 2018; 
Reliefweb 2018, 2019; Aziz 2021; Marie Giiespie 2021). The 
camp population, already living in a humanitarian assistance 
area, is trying its best to face these monsoon monsters. 
During any hazard, lay people’s perceptions or thoughts 
towards the hazard play a significant role in managing that 
disaster. Risk perception is considered one of the predomi- 
nant factors that govern the response and coordination behav- 
ior of the affected community towards risk management 
authority (Tulloch and Lupton 2003). The perception is 
often regulated by the decisions taken by the policymakers, 
such as non-structural measures, zoning guidelines, and 
directives. Therefore, for the management to be effective, 
the managerial authority must also acknowledge the locals’ 
feedback. However, perception analysis is a challenging task. 
It demands information on social bonding, socio-cultural 
identities, and socio-economic status as prerequisites. Some 
researchers believe that risk is associated with uncertainty in 
understanding and managing the risk (Kasperson et al. 1988; 
Beck 1992; Lash et al. 1996; Lash 2000). 
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2 Theoretical Framework 


Risk perception is quite different from actual risk. While risk 
measurement involves quantitative (probability) or qualita- 
tive assessment, but risk perception ultimately depends on 
people’s judgment. The judgment can vary from person to 
person (Sjöberg 2000). For example, lay people evaluate risk 
in a very different way than the experts. While it is common 
for experts to define risk in terms of the probability of hazard 
occurrence and the likelihood of its impact, the commoners 
mainly attribute this risk to their exposure history. While 
assessing the risk, experts remain very careful of the hazard, 
elements at risk, the vulnerability of the exposed community, 
and the assets; non-experts can choose to characterize the risk 
based on their appraisal of the hazard. This perception is 
often structured by the existing pattern of risk acceptance in 
society (Lichtenstein et al. 1978; Slovic and Fischhoff 1980; 
Siegrist and Gutscher 2006). 

Understanding risk perception has become crucial because 
it can affect risk management efforts. Owing to the perceived 
risk, lay people can carry out self-evacuation or may shape 
their decision to cooperate with the responding agencies or 
emergency managers. Several researchers report that along 
with the hazard characteristic, Perceiver’s particular 
characteristics define their reaction towards the risk (Renn 
and Levine 1991; Boholm 1998; Wachinger et al. 2013). 

Social vulnerabilities are reported to direct risk perception, 
eventually reflecting lay people’s capacity or willingness to 
practice adaptation strategies. People in direct exposure often 
perceive themselves in danger (Bickerstaff 2004). Demo- 
graphic features of a community can be a mediating factor 
in risk perception. Age, gender, occupation, and education 
play a significant role in depicting risk perception. For exam- 
ple, people of different age groups (children, adolescents, and 
older adults) do not perceive the risk of a hazard similarly. 
Children and older adults may perceive a greater risk of 
hazards due to difficulties of mobilization. Unemployed and 
uneducated people perceive higher risk than employed and 
educated ones. Minority, cultural entity, and ethnicity can 
also affect risk perception (Flynn et al. 1994; Boholm 1998; 
Sjöberg 2000; Soori 2000; Greening et al. 2005; Burningham 
et al. 2008; Cutter and Finch 2008; Gyekye and Salminen 
2009; Payne et al. 2017; Bhuiya et al. 2021). 

Another determinant commonly found in several studies is 
the experience of previous hazards. The timeframe, recur- 
rence, and severity of impact let the Perceivers rank their risk. 
People often rank their future risk as low of any dangerous 
hazard if they have experienced any negligible hazard, 
referred to as normalization bias (Mileti and O’Brien 1992). 

Sometimes, Lay people who trust their preparedness, 
adaptation measures, and knowledge tend to perceive risk at 
lower levels. People’s trust in emergency managers’ efficacy 
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also plays the role of a significant component in shaping risk 
perception. Emergency managers’ efforts, activeness, hon- 
esty, and willingness to help build the trust of non-experts in 
the experts (Bostrom 1997; Lazo et al. 2000). 

The number of studies investigating risk perception for 
natural hazards is limited. Researchers are recently shifting 
their focus to risk perception-related studies for hydro- 
meteorological hazards. These studies assess how people 
perceive their risk towards the hazards and how much they 
are willing to act accordingly to combat that hazard (Damm 
et al. 2013; Hernández-Moreno and Alcántara-Ayala 2017; 
Oliveira et al. 2017; Qasim et al. 2018; Antronico et al. 
2020). The affected population is reported to be concerned 
and attentive to landslide hazard information, yet they are less 
likely to consider mitigation measures despite perceiving a 
higher risk. A population that repeatedly encounters landslide 
hazards is found to be more risk-informed than others. Addi- 
tionally, the influence of risk mitigation measures on per- 
ceived risk is evaluated (Calvello et al. 2016). However, 
people willingly living on the hill slopes miscalculate their 
risk due to the lack of awareness. Negligence or 
underestimation of the risk can be detrimental to risk man- 
agement efforts. 

However, previous studies have only conducted risk per- 
ception assessments focusing on these parameters. There 
should be an investigation into how risk perception for a 
specific hazard is influenced in an environment where the 
residents are already distressed about their day-to-day living. 
Risk perception in a shelter camp for forcibly displaced 
people can vary dynamically due to the different restricted 
lifestyle patterns (housing, education, food, nutrition, expo- 
sure to hazards, mitigation measures, etc.) Therefore, there is 
a scope for exploring how people perceive their risk for a 
hydro-meteorological hazard attributed to them due to the 
restricted shelter space, how they respond to that hazard and 
their attitude towards the emergency management authority. 


3 Methodology 


3.1 Study Area 

The shelter camp situated in Bangladesh for the violence fled 
stateless Rohingya (Muslim minority) of Myanmar is our 
study area. Kutupalong-Balukhali expansion camp, Jamtoli 
camp, and Hakimpara camps are closely situated in Ukhiya, 
Cox’s Bazar. These camps shelter over 958,000 Rohingya 
people (as of January 2023) (UNHCR 2023). Camps 9, 10, 
17, and 20 of the Kutupalong Balukhali expansion area, camp 
no 14 of Hakimpara, and camp no 15 of Jamtoli are 
shortlisted for the investigation due to high to moderate 
landslide susceptibility (UNHCR 2019). These camps are 
located in the hilly areas of Bangladesh, where the slopes 
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Fig. 1 Number of samples collected from different camps 


become unstable during the monsoon. The camp population, 
repeatedly being affected by the landslide events, is trying its 
best to deal with the situation along with the emergency 
management authority. The area is already under the human- 
itarian response; therefore, the mitigation and response 
measures to landslide hazard is explicitly not similar to 
those of the regular residential area. Perception of the popu- 
lation and the determinants behind this perception should be 
identified to support better the management efforts required 
during the chaotic monsoon situation. Hence, the study aims 
to investigate this dimension. 


3.2 Sample Size and Data Collection 

The study conducted the face-to-face interview in March 
2022 using a structured questionnaire among the Rohingya 
population (total of 400 surveys using random sampling 
technique) Fig. 1, where the population size of the six selec- 
tive camps played a significant role. These six camps are 
selected because these camps have high to moderate land- 
slide susceptibility, according to OCHA 2022. The questions 
and variables were developed through an extensive literature 
review. The study was also adjusted, modified, and adopted 
based on the local context. Since the study area is a 
specialized humanitarian support center, the investigation 
parameters are customized according to the requirement of 
the study. A pilot test of the questionnaire was carried out to 
establish the credibility of the variables. The questionnaire 
included dichotomous, multiple-choice, and statement-based 
questions with the response on the Likert Scale. An extensive 
literature review was employed to construct and support the 
questionnaire. The questions were amended, improved, and 
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adapted following the local context (forcibly displaced 
Myanmar nationals’ shelter camp perspective). The question- 
naire comprised dichotomous response questions, multiple- 
choice questions, Likert scale-based responses, and open- 
ended questions. 


3.3 Data Analysis 

IBM SPSS Statistics 23 was used for digitizing and analyzing 
the field records. Frequency analysis, Pearson’s Chi-squared 
test, and ordinal regression analysis were run on the response 
records. Descriptive statistical analyses were mainly run to 
obtain a comprehensive idea of the existing situation in the 
camp area. Regression analysis was run to identify 
determinants that shape the risk perception of the camp area 
and finally quantify their significance. 


Research ethics The respondents were fully aware of the 
purpose of the data collection. We collected verbal consent 
from them, and the survey was anonymous. No respondents’ 
personal information will be disclosed from the researcher’s 
end. Formal high-risk ethical approval, fieldwork 
permissions and risk assessments were conducted following 
the institutional procedures. 


4 Results and Discussion 
4.1 Demographic and Socio-economic 
Context 


The study findings differ from any other risk perception study 
as the study area differs from any other ordinary place in 
Bangladesh. The camp administration regulates the demo- 
graphic scenario in the camp area. All the respondents reside 
in makeshift houses made of bamboo and thatched roofs. 
However, there lies a difference in the house’s location on 
the slope (Top, Middle, and bottom). There is negligible 
diversification in the occupational status as all the 
respondents depend on the relief activities allowed by the 
camp administration. All the respondents belong to the same 
ethnic group, as the camp provides shelter to a common 
group. The comprehensive demographic and socio-economic 
variables are present in Table 1. 


4.2 Landslide Exposure and Emergency 


Management Scenario 


The existing hazard scenario must first be characterized to 
comprehend the respondents’ perceptions. Exposure to 
landslides, their intensity, and emergency management 
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Table 1 Demographic profile of the respondents 


Variables 
Gender 


Class/Group 
Male (1) 
Female (2) 
Others (3) 
Occupation Unemployed (1) 
Seasonal day laborer (2) 
Shopkeeper (3) 

Others (4) 

16-20 years (1) 

21-30 years (2) 

31—40 years (3) 

41-50 years (4) 

51-60 years (5) 

61-70 years (6) 

71 and above (7) 


Age 


Location at slope Top (1) 
Middle (2) 
Bottom (3) 
Years of education No Education (0) 
1-5 years (1) 


6-10 years (2) 
11-15 years (3) 


condition are presented in Table 2. The respondents identified 
multiple adverse consequences of the last landslide (Damage 
to home 92.7%, self-injury 0.5%, household member injury 
6.3%). The respondents were asked to rate their pre-landslide 
preparedness knowledge and post-landslide response 
measure’s effectiveness. They identify shelter and slope 
strengthening as their preparedness measure. In the during 
and post-landslide response activities, they are found to adopt 
multiple measures: 


* removing the debris that entered their shelter (61.4%) 
e relocating or shifting household materials (32.8%) 

e informing about the damage in the CIC office (94%) 
e self-restoration of slope (74.9%) 


Each camp has a separate CIC office designated with the 
management activity of the camp. Upon reporting to the 
CIC office, the members visit the site and propose slope 
mitigation measures if necessary. Respondents identify 
CIC, IOM, SMEP, and different NGOs as emergency 
managers who work in collaboration. 


4.3 Mitigation Measure Scenario 

Several infrastructural mitigation measures have been taken 
throughout the camp to prevent landslides. Respondents 
identified the mitigation measures available on the slopes 
they live at. In some cases, the slopes were not fully protected 
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Percent Mean SD 
S 1.42 0.49 


1.27 0.74 


5.8 3.05 13 


33 1.84 0.69 


85.8 
Ue 
6.3 
0.8 


0.22 0.58 


or given partial protection. Structural mitigation measures are 
Terrace of geotextile tubes, Terrace of geotextile tubes 
supported by bamboo fences, terrace of tin sheets supported 
by bamboo fences, layers of tarpaulin, plantation, terrace of 
bamboo fence sheets only, terrace of sandbags and concrete 
walls (Fig. 2). 


4.4 Determinants of Risk Perception 


in the Proportional Odds Model 


The dependent variable, respondents’ perceived risk 
(response taken in ordinal format), was regressed against 
independent variables. The independent variables include 
age, years of education, gender, location of the shelter, the 
severity of the last landslide event, evacuation during the 
previous event, slope stabilization measure’s coverage, miti- 
gation measure material, structural measure building quality, 
activeness of emergency managers, adequacy of slope stabi- 
lization and shelter reinforcing material, trust in early warn- 
ing) using Proportional Odds Model (POM). The 
independent variables were inspected for multi-collinearity. 
Only the “trust in early warning” variable showed this rela- 
tion. The rest of the variables were used in POM. The results 
are exhibited in Table 3. The test result shows that variables 
like age, gender, years of education, occupation, location of 
the shelter, structural mitigation measure material (except 
terrace of sandbags), and sufficiency of shelter building 
materials are insignificant (sig p > 0.05). The severity of 
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Table 2 Landslide exposure and emergency management scenario 


Variables Class/Group Percent Mean SD 
Frequency of landslide hazard Never (1) 0.5 3.15 0.58 
Once in the living period (2) 9.3 
Once in every year (3) 64.8 
Twice or more in every year (4) 255 
Severity of last event Very low (1) 2 3.41 0.88 
Low (2) 125) 
Moderate (3) 36 
High (4) 41 
Very High (5) 8.3 
Accuracy of early warning during last landslide event Very low (1) 0.3 3.38 0.61 
Low (2) 4.9 
Moderate (3) 52.3 
High (4) 41.5 
Very High (5) 1 
Left house during landslide Yes (1) 29.8 1.7 0.45 
No (2) 70.3 
Type of shelter facility Authorized, mainly in learning centers and mosques (1) 8.8 19 0.28 
Self-managed in relative’s house or secondary houses (2) 91.2 
Precautionary measure knowledge Very low (1) 14.1 2.6 0.88 
Low (2) 24.4 
Moderate (3) 49.5 
High (4) 11.6 
Very High (5) 0.5 
Effectiveness of post-landslide measures Very low (1) T3 1.9 0.24 
Low (2) 19.5 
Moderate (3) 54.9 
High (4) 16.3 
Very High (5) 2.0 
Precautionary measure taken None 22 2.6 1.0 
Shelter strengthening 16.8 
Slope strengthening 38.3 
Both strengthening 23 
Activeness of emergency managers Excellent (1) 1.5 3.72 1.14 
Very good (2) 18.4 
Good (3) 18.4 
Fair (4) 29 
Poor (5) 32 
Adequacy of received slope building material Excellent (1) 33 3.89 3.63 
Very good (2) 15.5 
Good (3) 17.8 
Fair (4) 15.3 
Poor (5) 48.3 
Adequacy of received shelter building material Excellent (1) 1.6 3.63 1.08 
Very good (2) 12.6 
Good (3) 36.6 
Fair (4) 18.9 
Poor (5) 30.3 


the last event, evacuation during the previous event, slope slope stabilization material play an influential role in deter- 
stabilization measure’s coverage, structural measure building mining the risk perception of the Rohingya population of the 
quality, activeness of emergency managers, and adequacy of camp. 
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Fig. 2 Different types of structural mitigation measures exist on the 
slopes of the camp area (a) terrace of geotextile tubes, (b) Terrace of 
geotextile tubes supported by bamboo fences, (c) terrace of tin sheets 


5 Conclusion 


This study looked into how a group that already lives in a 
camp for people who had been forcibly displaced perceives 
the risk of landslides. The camp area is a landslide-prone 
region, so the displaced population knows this hazard. They 
are almost the annual victim of these slides in the monsoon 
time. Due to their residence in a restricted area, different 
demographic characteristics (occupation, years of education) 
are uniform for the entire population. Therefore, demo- 
graphic characteristics are not playing the role of significant 
variables for defining risk perception. Although the camp is 
already run under some authorized monitoring, managerial 


supported by bamboo fences, (d) layers of tarpaulin, (e) plantation, (f) 
terrace of bamboo fence sheets only, (g) terrace of sandbags, and (h) 
concrete walls (double column width) 


skills significantly impact how much risk people perceive for 
the landslides. People living on slopes with total coverage 
slope protection mitigation measures perceive risk at a lower 
level than the others. The residents are found to believe that 
the emergency managers are providing them with quite an 
accurate early warning. They are more likely to trust the 
authority responsible for emergency management. Besides 
this, the severity of the exposure to previous landslide events 
affects the population’s perceived risk. People who had to 
leave their own makeshift houses during the landslide per- 
ceived the risk as higher than those who did not have to 
go. Living here with recurrent landslide events, people have 
started to adopt some adaptive strategies and response 
measures along with the initiatives taken by the managerial 
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Table 3 Determinants of risk perception in proportional odds model 


Variables 
Age 


Gender (Female as reference) 


Years of Education 


Occupation (Others as reference) 


Location of shelter (Bottom as reference) 


Severity of last event (Very high as reference) 


Evacuation during last event 


Slope mitigation measure coverage extent (Partial coverage as 


reference) 
Mitigation 
measure material 


Terrace of geo-textile tubes 
(No as reference) 


Terrace of geo-textile tubes supported 


by bamboo fences 
(No as reference) 


Terrace of tin sheets supported 
by bamboo fences 
(No as reference) 


Layers of tarpaulin 
(No as reference) 


Plantation (No as reference) 


Terrace of bamboo fence sheets 
(No as reference) 


Terrace of sandbags 
(No as reference) 


Concrete walls (No as reference) 


Structural measure building quality 


(Poor as reference) 


Activeness of emergency managers 


(Poor as reference) 


Adequacy of slope stabilization 


(Poor as reference) 


Adequacy of shelter strengthening material 


(Poor as reference) 


Parallel line test: 0.0001, goodness-of-fit test of overall model: Deviance, p value = 1.00, Nagelkerke’s R = 0.705, S.E: Standard error 


Categories 
Male 


Unemployed 


Seasonal Day 
laborer 


Shopkeeper 
Top 

Middle 

Very low 
Low 
Moderate 
High 

Yes 

Full coverage 


Yes 


Yes 
Yes 


Yes 


Yes 
Yes 


Yes 


Yes 
Excellent 
Very good 
Good 

Fair 
Excellent 
Very good 
Good 

Fair 
Excellent 
Very good 
Good 

Fair 
Excellent 
Very good 
Good 

Fair 


Estimate 
0.003 
0.160 
0.144 
0.806 

0.254 


—0.371 
0.567 
0.254 
—4.550 
—5.306 
—3.296 
—1.938 
0.410 
—1.011 


—0.214 


—0.688 


0.010 


—0.012 


—0.082 
—0.046 


—0.534 


0.022 

1.149 
0.225 
0.106 
0.501 
—6.701 
—4.613 
0.415 
—0.407 
—2.699 
—1.873 
—1.433 
0.668 
—1.189 
—0.776 
0.297 
0.083 


SE 

0.010 
0.261 
0.058 
0.599 
0.693 


1.037 
0.352 
0.338 
1.189 
0.723 
0.577 
0.525 
0.265 
0.442 


0.507 


0.437 


0.758 


0.257 


0.388 
0.281 


0.260 


0.471 
1.042 
0.793 
0.678 
0.500 
1.629 
0.894 
0.556 
0.414 
0.956 
0.656 
0.519 
0.383 
1.130 
0.550 
0.410 
0.393 


Wald 
0.086 
0.379 
6.207 
1.811 
0.134 


0.128 
2.601 
0.566 
14.639 
53.888 
32.644 
13.603 
2.394 
5.229 


0.178 


2.476 


0.000 


0.002 


0.045 
0.027 


4.218 


0.002 
1.214 
0.081 
0.025 
1.005 
16.921 
26.642 
0.557 
0.967 
7.971 
8.156 
7.621 
3.045 
1.107 
1.992 
0.523 
0.045 


Sig. 

0.770 
0.538 
0.013 
0.178 
0.714 


0.720 
0.107 
0.452 
0.000 
0.000 
0.000 
0.000 
0.122 
0.022 


0.673 


0.116 


0.989 


0.963 
0.270 
0.777 
0.875 
0.316 
0.000 
0.000 
0.456 
0.325 
0.004 
0.004 
0.006 
0.081 
0.293 
0.158 
0.469 
0.833 
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95% confidence 


interval 


Lower 
bound 


—0.016 
—0.350 

0.031 
—0.368 
—1.105 


—2.403 
—0.122 
—0.408 
—6.881 
—6.723 
—4.427 
—2.968 
—0.109 
—1.877 


S207, 


—1.545 


—1.475 


—0.516 


—0.843 
O97 


—1.044 


—0.901 
—0.894 
—1.330 
222 
—0.479 
—9.893 
—6.364 
—0.675 
—1.218 
—4.573 
= 
—2.451 
—0.082 
—3.404 
—1.853 
—0.507 
—0.687 


Upper 
bound 


0.022 
0.671 
0.257 
1.980 
1.613 


1.660 
(Lessa 
0.916 
=2 20 
—3.889 
—2.165 
—0.908 
1.246 
—0.831 


0.779 


0.169 


1.495 


0.493 


0.678 
0.505 


—0.024 


0.944 
3.192 
1.780 
1.435 
1.481 
—3.508 
—2.861 
1.505 
0.404 
—0.825 
—0.588 
—0.416 
1.418 
1.026 
0.301 
1.101 
0.852 
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authority. Based on the findings, the study would like to 
present some recommendations. These recommendations 
reflect the response from this study’s respondents and the 
authors’ observations. The camp residents are willing to 
participate in mitigation activities which can reduce the 
severity of their exposure to the hazard. These people should 
be actively integrated into the landslide risk management 
activities (mitigation-response-recovery) in a more organized 
way. Active community engagement in a more standardized 
way may add value to the response efforts of the camp’s 
managerial authority, and these can eventually help this 
large, distressed population. 
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KLC2020 Official Promoters 


The Kyoto Landslide Commitment 2020 
(KLC2020) 


Kyoto 2020 Commitment for Global Promotion of Under- 
standing and Reducing Landslide Disaster Risk 

A Commitment to the Sendai Landslide Partnerships 
2015-2025, the Sendai Framework for Disaster Risk 
Reduction 2015-2030, the 2030 Agenda Sustainable Devel- 
opment Goals, the New Urban Agenda and the Paris Cli- 
mate Agreement- 

KLC2020 Official promoters are public and private 
organizations who promote the Kyoto Landslide Commit- 
ment 2020 and provide financial support for the implementa- 
tion of the KLC2020 activities including the Open Access 
Book Series “Progress in Landslide Research and 
Technology.” 


Host organization 


International Consortium on Landslides (ICL)/Nicola 
Casagli. 

Public sectors: KLC2020 Official 

Promoters-public 

International Unions/Associations, Governmental 


organizations, Universities and Research institutes 


¢ The International Union of Geological Sciences (IUGS)/ 
John Ludden 
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e The International Union of Geodesy and Geophysics 
(IUGG)/Kathy Whaler 

e The International Association for the Engineering Geol- 
ogy and the Environment/Rafig Azzam 

e International Geosynthetics Society (IGS)/John Kraus 

e Geological Survey of Canada, Natural Resources Canada, 
Canada/Daniel Lebel 

e Faculty of Civil and Geodetic Engineering, University of 
Ljubljana, Slovenia/Matjaz Mikoš 

e China University of Geosciences, Wuhan, China/Huiming 
Tang 

e Department of Civil Engineering, National Taiwan 
University, Chinese Taipei/Shang-Hsien Hsien 

¢ Institute of Rock Structure and Mechanics, the Czech 
Academy of Sciences/Josef Stemberk 

e Institute of Cold Regions Science and Engineering, 
Northeast Forestry University/Wei Shan. 


Private sectors: KLC2020 Official 
Promoters-private 


Companies and corporation. 


e Marui & Co. Ltd., Japan 

e Nippon Koei Co., Ltd., Japan 

e Ellegi srl, Italy 

e Chuo Kaihatsu Corporation, Japan 

e Godai Kaihatsu Corporation, Japan 

e Kiso-Jiban Consultants Co., Ltd., Japan 
* Kokusai Kogyo Co., Ltd., Japan 

e OSASI Technos, Inc., Japan. 
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GSC-Pacific Division 


Geological Survey of Canada: Who We Are 


The Geological Survey of Canada (GSC) is part of the Earth 
Sciences Sector of Natural Resources Canada. The GSC is 
Canada’s oldest scientific agency and one of its first govern- 
ment organizations. It was founded in 1842 to help develop a 
viable Canadian mineral industry by establishing the general 
geological base on which the industry could plan detailed 
investigations. Throughout its long and colourful history, the 
GSC has played a leading role in exploring the nation. 

Today, the GSC is Canada’s national organization for 
geoscientific information and research. Its world-class exper- 
tise focuses on the sustainable development of Canada’s 
mineral, energy and water resources; stewardship of 
Canada’s environment; management of natural geological 
and related hazards; and technology innovation (Fig. A.1). 

The GSC celebrated its 175th anniversary in 2017 which 
coincided with Canada’s 150th anniversary of Confederation. 
The GSC co-leads the Canada-Nunavut Geoscience Office 
and works with dozens of universities and research institutes, 
industry organizations, other federal departments, provinces, 
territories and municipalities in Canada and across the world. 
In particular, we work closely with other geological survey 
organizations in Canada through the unique Intergovernmen- 
tal Geoscience Accord. 

Every year, we publish hundreds of maps, Open Files, 
peer-reviewed papers and other reports. Our scientists are 
recognized worldwide and sought after for their expert advice 
on locating mineral, energy and groundwater resources, 
reducing risk from natural hazards and reviewing environ- 
mental assessments. 


GSC-Pacific Division 
Vancouver, BC, Canada 
e-mail: David.Huntley @nrcan-rncan.gc.ca 
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Strategic Priorities 


The GSC has attempted to plot a course through this chang- 
ing, uncertain world. 

First, we identify three core areas of persistent scientific 
endeavour, which reflect stable, long-term needs of society: 


e Geological knowledge for Canada’s onshore and off- 
shore lands 

e Geoscience for sustainable development 

e Geoscience for keeping Canada safe. 


Next, we outline a new, fourth area of endeavour, Geoscience 
for society, which is the need to address the uncertainties of 
the changing world by expanding the reach and impact of 
geoscience knowledge in land-use decision making and in 
efforts to reduce the risk of disasters. 

Finally, we recognize that our strength lies in a fifth area of 
endeavour, Our people, Our science, which we need to nur- 
ture to maintain a high-performing workforce capable of 
world leading innovative geoscience for the benefit of 
Canada. 


(a) Geological knowledge for Canada’s onshore and off- 
shore lands 
Geoscientific knowledge is fundamental to managing 
our onshore and offshore lands and their abundant 
resources. With its 10 million km? of onshore land and 
an additional 7 million km? of ocean estate, Canada is a 
vast country and a core mission of the GSC is to map 
and understand the land and its resources. Our 
Geo-mapping for Energy and Minerals (GEM) program 
continues to advance our knowledge of the North and by 
2020 will complete a first mapping of surface geology at 
a coarse scale. 
In the offshore lands, our geoscience knowledge also 
serves to confirm the farthest extents of the Canadian 
territory. Our joint program with Global Affairs Canada 
and Fisheries and Oceans Canada to delineate the outer 
limits of the continental shelf in the Atlantic and Arctic 
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Fig. A.1 Paleotsunami investigations in order to understand regional 
earthquake cycles and submarine landslide hazards 


(b) 


Oceans will reach a critical milestone in 2019. The 
program will file its Arctic submission under the United 
Nations Convention on the Law of the Sea (UNCLOS) 
(Fig. A.2). 

Geoscience for sustainable development 

Finding new resources remains a major challenge. Many 
near-surface deposits have been discovered in Canada, 
but significant mineral resources remain to be found in 
less accessible regions and at depths below the surface. 
Finding new resources requires systematic, intensive 
and innovative methods to assess the mineral potential 
in remote locations. 

It requires searching beneath overburden cover, imaging 
the 3-D structure of the earth and understanding the 
geological processes that lead to concentration of 
minerals in certain locations (Fig. A.3). 


Fig. A.2 The GSC studies the sea floor of the Arctic to understand its 
geology and geohazards. Here a small craft surveys the bottom of 
Southwind Fjord (Baffin Island, N Nunavut) 


Fig. A.3 GSC geologists near the Heiberg Formation in northern 
Ellesmere Island (NU) as part of the geo-mapping for energy and 
minerals program. This formation is the primary host of major gas 
accumulations in the Canadian High Arctic 


(c) 


(d) 


For the Energy sector, the greatest challenge is in the 
transition to a low-carbon economy. Although global 
fossil fuel use is likely to continue to grow over the 
foreseeable future, the trend will likely be at a decreas- 
ing rate. Canada has an abundant supply of conventional 
and unconventional (oil sands and shale) oil and gas, so 
development in frontier areas is likely to be slow. In 
addition, the government has placed a moratorium on 
exploration activity in the Arctic offshore lands. 
Geoscience for keeping Canada safe 

The GSC will continue to work on understanding how 
landscapes will change, how infrastructure will be 
affected and how resilience to climate change can be 
built into new infrastructure. Climate change will likely 
have a significant impact on the water cycle. GSC 
research will shed light on the risk to potable water 
supplies, hydroelectric power generation, and hazards 
from floods and drought (Fig. A.4). 

Geoscience for society 

The scientific knowledge required to assess cumulative 
effects is broad. The complex interactions between land 
use, water management and waste management require 
an integrated approach at a landscape scale. The GSC is 
a national provider of information on both land (surficial 
and solid geology) and water, including the integration 
of surface water and groundwater into the complete 
water cycle (Fig. A.5). 

The GSC recognizes that this area of endeavour 
involves inherent complexities and that our goals in 
this area will be to some degree aspirational. However, 
we will investigate new ways of planning our programs, 
undertaking our fieldwork, interacting with key 
stakeholders, and communicating our expert knowledge 
in ways that contribute positively to decision making 
about resource development. 
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Fig. A.4 The GSC conducts climate change studies, here documenting 
the effects of fast melting permafrost leading to extreme coastal erosion 
on Pelly Island, NT 


(e) Our people, Our science 

As a science organization within the federal govern- 
ment, the GSC’s mandate is to conduct world-class 
science to inform public decision making. The Canadian 
government has articulated and adopted the principle of 
evidence-based decision making and reaffirmed the 
need for government science to be objective and 
non-partisan. 

To remain at the leading edge, our scientists need to 
work with a variety of partners. We need to reinforce the 
central role that the GSC plays in the Canadian geosci- 
ence community by building networks of collaboration, 
fully participating in national geoscience initiatives, and 
advocating for Canadian geoscience at the international 
level (Fig. A.6). 


Fig. A.5 The GSC conducts geohazard studies to reduce risks to people 
and infrastructure, here installing equipment to monitor landslide activ- 
ity above a critical railway corridor in central BC 
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Fig. A.6 Among many celebratory activities for the GSC’s 175th 
anniversary in 2017, the GSC held a Rock and Fossil Exhibit, at its 
site at the Bedford Institute of Oceanography (Dartmouth, NS), as part 
of a two-day open-house event, where more than 20,000 visitors 
participated 


Moving Forward 


Some of the objectives and goals that the GSC has set 
represent familiar territory for a national geoscience organi- 
zation, but many others will pull us out of our comfort zone. 
We will take the time to better understand the challenges of 
delivering objective, nonpartisan science to support 
evidence-based decision making in Canada at a time of 
great technological and social change. 

We will not be able to do this alone, so we look forward to 
strengthening our ties to other federal departments, provinces 
and territories, universities, Indigenous organizations, the 
private sector and civil society as a whole. 

We ask all our stakeholders to contact us, to challenge us 
and, most importantly, to join with us to assure the future of 
Canada through thoughtful, respectful dialogue about the 
land we live on, its resources and its future (Fig. A.7). 


Exploring Canada 


Through its history, the GSC has been responsible for 
mapping the land mass of Canada, which supported the 
integration of the western provinces and northern territories 
into the country that we have today. The limit of Canada’s 
offshore territory is still being extended today though surveys 
conducted by the GSC and the Canadian Hydrographic 
Service. 

In more recent years, the GSC helped find the first eco- 
nomic diamond deposit in the Northwest Territories, leading 
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Fig. A.7 Joint Canadian/German (GSC/BGR) field mapping camp on 
northern Ellesmere Island, looking west as the fog covered sea ice of 
Yelverton Inlet, 2017 


to the expansion of diamond mining in Canada. These are 
only a few of the key GSC achievements that have built our 
knowledge of Canada’s lands and provided the building 
blocks of its natural resource economy. 

Today, exploration of this vast land is still reaping its 
natural resource rewards. The search for natural resources is 
difficult, akin to looking for a needle in a haystack. 

The GSC’s GEM program is exploring vast tracts of 
Canada’s North, a land mass roughly equivalent to the com- 
bined areas of Quebec, Ontario and Manitoba, to find the 
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“haystacks” with resource potential. This information is 
shared with the provinces and territories, as well as the 
private sector, so that the search for the “needles” can con- 
tinue. The information is also critical to inform land-use 
planning. 


In November 2016, the Royal Canadian Geographical 
Society (RCGS) awarded its prestigious Gold Medal to the 
GSC in recognition of the Survey’s outstanding contribution 
to the development of Canada on the occasion of it’s 175th 
anniversary. 
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Summary 


The Faculty of Civil and Geodetic Engineering of the Uni- 
versity of Ljubljana (UL FGG) covering engineering 
disciplines, including water science and technology, has 
been involved in landslide risk reduction activities at the 
national level in Slovenia (former Yugoslavia, until 1991) 
for decades. In 2008, UL FGG became an ICL Full Member 
and has gradually developed its ICL engagement. UL FGG 
has been awarded the title of the World Centre of Excellence 
(WCoE) in Landslide Risk Reduction for 5 consecutive 
periods (2008-2011, 2011-2014, 2014-2017, 2017—2020, 
2020-2023). Together with the Geological Survey of 
Slovenia, UL FGG hosted in 2017 the 4th World Landslide 
Forum in Ljubljana, Slovenia. 

UL FGG strongly supports diverse activities of the Inter- 
national Consortium on Landslides, Kyoto, Japan, and thus 
contributes to the 2030 Agenda for Sustainable Develop- 
ment, as well as to the Sendai Framework for Disaster Risk 
Reduction 2015-2030 (SF DDR). UL FGG was a signatory 
of the Sendai Landslide Partnerships 2015-2030, and is a 
dedicated official promoter of the Kyoto Landslide Commit- 
ment 2020, a SF DRR voluntary commitment by ICL. 

In 2016, UL FGG started to host the University of 
Ljubljana UNESCO Chair on Water-related Disaster Risk 
Reduction (WRDRR), being still the only UNESCO Chair 
at this university, and one of a few in Slovenia. Among 
different activities, in 2022 the WRDRR Chair supported 


M. Mikoš 
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the launching of the regional platform called Resili-Enhance 
for enhancing the resilience to disasters for sustainable devel- 
opment. UL FGG also supports activities of the Slovenian 
National Committee for UNESCO Intergovernmental Hydro- 
logical Programme (IHP), now working on the IHP-IX 
programme (2022-2029). 

UL FGG is actively involved in numerous international 
(bilateral) and national research projects in the field of 
hydrology and hydraulic engineering, including topics such 
as landslide research, landslide risk mitigation, natural risk 
dialogue, and capacity building for society resilience. 

In the field of capacity building, UL FGG offers several 
courses for graduate and postgraduate students in landslide 
mechanics and dynamics, landslide stabilization and land- 
slide risk mitigation. In this article, a short overview of the 
past and current activities of UL FGG as ICL Full Member 
and KLC2020 Official Promoter is shown. 


World Centre of Excellence on Landslide Risk 
Reduction and IPL Projects 


WCoE Activities 


The title of World Centre of Excellence (WCoE) on Land- 
slide Risk Reduction is given to a governmental or 
non-governmental entity, which contributes to the landslide 
disaster risk reduction at a regional and/or global level in a 
specific unique field of expertise, as well as helps promoting 
International Programme on Landslides (IPL) and landslide 
research intellectually, practically and financially (https:// 
www.landslides.org/ipl-info/world-centre-of-excellence/). 
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UL FGG was granted the title of WCoE five consecutive 
times: 


e WCoE 2008-2011 and 2011-2014: Mechanisms of 
landslides in over-consolidated clays and flysch. 

e WCoE 2014-2017: Mechanisms of landslides and creep 
in over-consolidated clays and flysch. 

e WCoE 2017-2020: Landslides in Weathered Flysch: from 
activation to deposition. 

e WCoE 2020-2023: Landslides in Weathered Heteroge- 
nous Sedimentary Rock Masses such as Flysch. 


The research efforts at UL FGG were focused on: 


e Mechanisms of triggering such landslides (mud flows), 
estimation of debris-flow magnitudes triggered as shallow 
or deep-seated landslides (debris slides), and triggering of 
shallow rainfall-induced landslides using advanced statis- 
tical methods. 

e Field and laboratory investigations of suction in over- 
consolidated clays and flysch, such as to improve the 
understanding of softening in stiff over—consolidated 
clays and marls, using soil matrix suction as an indicator 
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Fig. A.8 Technical countermeasures for future debris floods threaten- 
ing the cabin station of the Krvavec ski area in N Slovenia (Fig. 7 in 
Bezak et al. (2019): An extreme May 2018 debris flood case study in 
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for mudflow occurrence, and executing suction long-term 
monitoring of the Slano Blato landslide. 

e Laboratory investigations of coarse debris-flow rheologi- 
cal parameters and soil—water characteristic curve of resid- 
ual soil from a flysch rock mass. 

e Mathematical modelling of debris flows (hazard assess- 
ment in deposition areas), using different numerical 
models and different digital terrain models. 


The WCoE activities were financially supported by the Slo- 
venian Research Agency through the Research Programme 
P2-0180 “Water Science and Technology, and Geotechnical 
Engineering: Tools and Methods for Process Analyses and 
Simulations, and Development of Technologies,” as well as 
by several national (Fig. A.8) and international (bilateral) 
research projects. 

UL FGG and the Geological Survey of Slovenia jointly 
organized 4th World Landslide Forum (WLF4), in Ljubljana 
between May 29 and June 2, 2017. With over 600 participants 
from 49 countries and 5 international organizations, WLF4 
was promoting the culture of living with natural hazards. 
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northern Slovenia: analysis, modelling, and mitigation. Landslides 17: 
2373-2383, DOI 10.1007/s10346-019-01325-1) 
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IPL projects 


An important ICL activity is IPL projects (https://www. 
landslides.org/projects/ipl-projects/). The IPL Evaluation 
Committee examines the submitted proposals of ICL 
members by carefully reading the written proposals and by 
listening to their presentations at annual ICL conferences. 
The initially accepted proposals by the IPL Evaluation Com- 
mittee are discussed and then approved at the annual Board of 
Representatives meeting of ICL members (Annual Assem- 
bly). Finally, the IPL projects are approved annually by the 
Global Promotion Committee IPL-KLC. UL FGG has suc- 
cessfully submitted several proposals for IPL projects and has 
been so far actively involved in the following ones: 


e IPL-151 Soil matrix suction in active landslides in 
flysch—the Slano Blato landslide case (2010-2012). 

e IPL-225 Recognition of potentially hazardous torrential 
fans using geomorphometric methods and simulating fan 
formation (2017—2020). 

e IPL-226 Studying landslide movements from source areas 
to the zone of deposition using a deterministic approach 
(2017—2020)—coordinated by the Geological Survey of 
Slovenia. 

e IPL-261 World-wide-web-based Landslide Observatory 
(W3bLO) (2022-2024) 


ICL Thematic and Regional Networks 


Following the ICL Strategic Plan 2012—2021, several the- 
matic networks and regional networks have been established 
(for an overview, see https://www.landslides.org/projects/icl- 
networks/). 


Landslide Monitoring and Warning Thematic 
Network: LaMaWaTheN 


In 2012, UL FGG proposed the ICL landslide monitoring and 
warning thematic network—almost 10 ICL members joined 
the initiative. The general objective of the proposed network 
was to compare experiences in the field of landslide monitor- 
ing and installed early warning systems for active landslides 
in various regions of the world. Lately, we contributed to the 
network activities by preparing practice guidelines on moni- 
toring and warning technology for debris flows. 

The idea of the network was partially taken over by the 
web database ICL World Report on Landslides (https://www. 
landslides.org/projects/world-report-on-landslides/), created 
to be a platform to share landslide case studies among the 
global landslide community, with monitoring and warning 
systems being a part of the platform. 
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ICL Adriatic-Balkan Network: ICL ABN 


Jointly with other ICL members from Croatia and Serbia, in 
2013, UL FGG proposed to establish an ICL Adriatic-Balkan 
Regional Network. Various network activities were pro- 
posed, the most active being the organization of biennial 
regional symposia on landslide risk reduction in the 
Adriatic-Balkan Region (called ReSyLAB). UL FGG 
supported the Ist Symposium in Zagreb (Croatia, 2013), 
2nd in Belgrade (Serbia, 2015), 3rd in Ljubljana (Slovenia, 
2017), 4th (Sarajevo, 2019), and Sth in Rijeka 
(Croatia, 2022). 

In the last decade, UL FGG has signed bilateral research 
projects with the ICL members in the region: “Adriatic- 
Balkan Regional Network: Landslide Risk Mitigation for 
Society and Environment” (2012-13 with University of 
Belgrade, Serbia), “Study of landslides in flysch deposits: 
sliding mechanisms and geotechnical properties for landslide 
modelling and landslide mitigation SoLiFlyD” (2014-15 
with University of Rijeka, Croatia), and “Laboratory 
investigations and numerical modelling of landslides in 
flysch deposits in Croatia and Slovenia” (2016—17 with the 
University of Rijeka, Croatia). This joint research has helped 
strengthen regional cooperation within the ICL ABN regional 
network. 


Other ICL-Related International Activities 


UL FGG served the ICL by taking different leading roles in 
the Consortium, i.e. UL FGG member served as Chair of IPL 
Evaluation Committee, twice as ICL Vice President, and was 
elected to Co-Chair and in 2021 to Chair of the IPL-KLC 
(https://www.landslides.org/ipl-info/ipl-klc- 
globalpromotion-committee/). 

UL FGG has been strongly supporting the journal 
Landslides: Journal of the International Consortium on 
Landslides, published by Springer Nature (https://link. 
springer.com/journal/10346) since its launch in 2004. UL 
FGG works for the journal in the roles of reviewers and an 
associate editor, and regularly publishes its top research 
results in the journal, as well as disseminates information 
important for capacity building in landslide risk reduction — 
such as results of bibliometric studies on the journal 
Landslides and ICL books. 

UL FGG also contributed to the two-volume set of Land- 
slide Dynamics: ISDR-ICL Landslide Interactive Teaching 
Tools (LITT), namely to Vol. 1: Fundamentals, Mapping and 
Monitoring by practice guidelines on monitoring and warn- 
ing technology for debris flows (https://www.springer.com/ 
gp/book/9783319577739), and to Vol. 2: Testing, Risk Man- 
agement and Country Practices (https://www.springer.com/ 
gp/book/9783319577760) by a state-of-the-art overview on 
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landslide disaster risk reduction in Slovenia, a study on 
two-dimensional debris-flow modelling and topographic 
data, and by study on intensity duration frequency curves 
for rainfall-induced shallow landslides and debris flows using 
copula functions. 

UL FGG also contributed to the open-access book series 
“Progress in Landslide Research and Technology” Vol. 1 by 
a review article on the history of the International Programme 
on Landslides (IPL) (https://doi.org/10.1007/978-3-031- 
16898-7_3), an original article on the natural-hazard-related 
web observatory as a sustainable development tool (https:// 
doi.org/10.1007/978-3-03 1-16898-7_5), and an original arti- 
cle on landslide research and technology in patent documents 
(https://doi.org/10.1007/978-3-03 1-18471-0_3). 


University of Ljubljana UNESCO Chair 
on Water-related Disaster Risk 
Reduction (2016-2020 and 2020-2024) 


Experiences and knowledge accumulated in the past decades 
at the Chair on Hydrology and Hydraulic Engineering at UL 
FGG in the field of (applied) hydrology in experimental 
basins, hydraulic engineering, landslide research, landslide 
risk reduction, and flood risk management, culminated in 
2016 in the establishment of the UNESCO Chair on Water- 
related Disaster Risk Reduction (WRDRR Chair; www. 
unesco-floods.eu) at the University of Ljubljana. The 
UNESCO WRDRR Chair was positively evaluated by 
UNESCO in 2020 and prolonged for another 4 years 
(2020-2024). The Chair is associated to the university twin- 
ning and networking UNITWIN UNESCO—Kyoto 
University—ICL on “Landslide and Water-Related Disaster 
Risk Management”. 

The UNESCO WRDRR Chair is involved into numerous 
international (bilateral) and national research projects. Their 
results are timely reported in scientific literature (https:// 
www.unesco-floods.eu/category/publications/). 

In 2022, the UNESCO Chair supported launching of the 
ResiliEnhance Program for enhancing the resilience to 
disasters for sustainable development (https://unescochair- 
sprint.uniud.it/en/resilienhance-program/). The program is at 
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the moment focused to Central and Eastern Europe, and 
supported by the Central Europe Initiative (CEI). 

In 2022, the UNESCO Chair started to lead the University 
of Ljubljana project on Sustainable Development 
(2022-2025; www.unesco-floods.eu/ultra-pilot-projects/) to 
modernize university professional study programmes, espe- 
cially in civil engineering, to increase students’ competences 
for sustainable development, including disaster risk reduction 
and resilience building. 

UL FGG supports activities of the Slovenian National 
Committee for UNESCO Intergovernmental Hydrological 
Programme (www.ncihp.si)—focus of the activities is the 
development of the IHP-IX Programme (2022-2029). 


Conclusions 


UL FGG as one of World Centres of Excellence in Landslide 
Risk Reduction, hosts the UNESCO Chair on Water-related 
Disaster Risk Reduction. UL FGG strongly supports ISDR- 
ICL Sendai Partnerships 2015-2025 for global promotion of 
understanding and reducing landslide disaster risk, and its 
extension to 2030 and beyond: the Kyoto 2020 Commitment 
for Global Promotion of Understanding and Reducing Land- 
slide Disaster Risk that that was signed in November 2020. 
UL FGG is proud to be its Official Promoter, and will 
specifically work for its Actions 2, 5, 6, 9 and 10. 

This review article is intentionally written without a list of 
references to described activities. For this purpose, listed 
websites and links may be used. 

The author wants to thank colleagues from UL FGG and 
University of Ljubljana, and from the ICL community for the 
past and long-lasting excellent cooperation with a joint vision 
to reduce landslide disaster risk. 


China University of Geosciences, 
Wuhan 


Huiming Tang, Changdong Li, and Qinwen Tan 


Introduction 


China University of Geosciences, Wuhan (CUG), founded in 
1952, is a key national university affiliated with the Ministry 
of Education. It is also listed in the National “211 Project’, 
the “985 Innovation Platform for Advantageous Disciplines,” 
and the “Double First-class Plan’. CUG, featuring 
geosciences, is a comprehensive university that also offers a 
variety of degree programs in science, engineering, literature, 
management, economics, law, education, and arts. Its Geol- 
ogy and Geological Resources & Engineering have both been 
ranked as the national number one disciplines. 

CUG has two campuses in Wuhan. The main campus is 
the Nanwang Mountain Campus, located in the heart of the 
Wuhan East Lake National Innovation Demonstration Zone, 
which is popularly known as China Optics Valley. The 
Future City Campus is located in the east of Wuhan and is 
27 km from the main campus. These two picturesque 
campuses cover a combined area of 1,474,353 m’. They are 
ideal places to study, work, and enjoy life. CUG owns a 
4A-Level tourist attraction—the Yifu Museum. CUG also 
boasts four field training centers: Zhoukoudian in Beijing, 
Beidaihe in Hebei Province, Zigui in Hubei Province, and 
Badong in Hubei Province. 

CUG has established a complete education system. As of 
December 2020, 30,239 full-time students, including 18,080 
undergraduate students, 9302 master’s students, 1916 doc- 
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toral students, and 941 international students, have enrolled 
in its subsidiary 23 schools and 86 research institutes. CUG 
currently has a faculty of 1858 full-time teachers, among 
which there are 539 professors (11 of which are members 
of the Chinese Academy of Sciences) and 984 associate 
professors. 

CUG is focused on fostering high-quality talent. Among 
its over 300,000 graduates, many have gone on to become 
scientific and technological elites, statesmen, business 
leaders and athletes. And they have made great contributions 
to the nation and society, represented by former Premier 
WEN Jiabao and 39 members of the Chinese Academy of 
Sciences and Chinese Academy of Engineering. 

CUG has strengthened exchanges and cooperation with 
international universities. It has signed friendly cooperation 
agreements with more than 100 universities from the United 
States, France, Australia, Russia, and other countries. CUG 
has actively carried out academic, scientific, and cultural 
exchanges with universities around the world. There are 
about 1000 international students from more than 
100 countries studying at CUG. It also sponsors more than 
900 teachers and students to study abroad or conduct interna- 
tional exchanges and invites more than 400 international 
experts to visit, lecture, and teach at CUG every year. In 
2012, CUG initiated and co-established the International 
University Consortium in Earth Science (IUCES) with 
11 other world-renowned universities. IUCES is committed 
to promoting the common development of geosciences edu- 
cation and scientific research through resource sharing, 
exchange, and cooperation among its member institutions. 
In addition, CUG has partnered with Bryant University from 
the USA, Alfred University from the USA, and Veliko 
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Fig. A.9 Strategic plan of building a world-renowned research univer- 
sity in earth science 


Turnovo University from Bulgaria in establishing three 
Confucius institutes on their campuses (Fig. A.9). 


Strategic Plan of Building a World-Renowned 
Research University in Earth Sciences: 
A Beautiful China and a Habitable Earth: 
Towards 2030 


CUG reviewed and approved Strategic Plan of Building a 
World-Renowned Research University in Earth Sciences on 
December 25 of 2019. 

Themed “A Beautiful China & A Habitable Earth”, the 
Plan depicts the blueprint of the second goal of the “three- 
step strategic goals”, which is to build a world-renowned 
research university in Earth Sciences by 2030 based on the 
attained goal of developing CUG into a “high-level univer- 
sity with first-class Earth Sciences and coordinated develop- 
ment of multi-disciplines”. 

According to the Plan, our education missions are: 
Remaining true to CUG’s core value of “seeking harmonious 
development between man and nature” we are committed to 
cultivating innovative talents who have lofty morality, solid 
foundation, and profound expertise and who pursue the unity 
of knowing and doing. We should provide personnel support 
and endeavor to innovate, apply and spread knowledge in 
order to provide theories, technologies, and approaches for 
the construction of a Beautiful China and a Habitable Earth. 
We should strive to optimize governance, reform culture, and 
fully invigorate the vitality of running a university. We 
should provide our service to the construction of an innova- 
tive country and to the promotion of a harmonious 
co-existence between man and nature. We should provide 
our service to the people and the governance of China. We 
should provide our service to the consolidation and 
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development of the system of socialism with Chinese 
characteristics. We should provide our service to the reform 
and opening up and to the construction of socialist 
modernization. 

According to the Plan, our endeavoring goals are: By 
2030, we will have built a world-renowned research univer- 
sity in Earth Sciences, whose main indexes will have reached 
or nearly reached the level of other world-class universities. 
To upgrade CUG into a world-class university, we will 
endeavor to make the discipline of Earth Sciences rank top 
in the world and forge boldly ahead in competition to 
improve the quality of other disciplines of CUG. We will 
assemble a contingent of teachers and researchers with inter- 
national competitiveness and influences to build a university 
with Chinese characteristics and superiority. We will build a 
world-class university that will be fully engaged in interna- 
tional exchange and cooperation and that will achieve educa- 
tional, academic, cultural, and administrative excellence. 


Outstanding Recent Achievements 


In recent years, CUG has achieved significant progress in the 
research fields of geohazards, water resource, geochemistry, 
paleontology, geodetic surveying and lunar exploration pro- 
gram, etc. To keep to the theme of KLC2020, recent 
achievements on geohazards researches of CUG are focused 
and introduced. 


(a) Approval of National Observation and Research Sta- 
tion for Geohazards in the Three Gorges Reservoir 
Area, Hubei 
CUG was newly approved National Observation and 
Research Station for Geohazards in the Three 
Gorges Reservoir Area, Hubei. This station, founded 
and administrated by Prof. Huiming Tang, is responsi- 
ble to carry out field observations and scientific research 
on geohazards in condition of reservoir operation. 

The central site of the station is located in Badong 
County of the Three Gorges Reservoir area (hereinafter 
abbreviated as the TGR area), and a larger monitoring 
network of multiple sites has been established, including 
the geohazard field test site for the Majiagou landslide, 
Zigui County, and systematic geophysical monitoring 
station for the whole TGR area, etc. 

The Badong field site (also named Badong in-situ large- 
scale experimental station) is located in the Huangtupo 
landslide area, which has been recognized the largest 
reservoir landslide by volume in the TGR area. The field 
site consists of a tunnel complex and a series of moni- 
toring systems (Fig. A.10). The tunnel complex, built in 
the Huangtupo riverside sliding mass #1, consists of a 
main tunnel with a length of 908 m and a width of 5 m, 
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Fig. A.10 Badong in-situ large-scale experimental station of the National Observation and Research Station for Geohazards in the Three Gorges 
Reservoir Area, Hubei 


five branch tunnels (5 m to 145 m long, 3.5 m wide), two located on the landslide and provides rainfall data. So 
test tunnels, and 35 observation windows. The test far, multiple and massive data have been collected for 
tunnels exposed the sliding zones of the landslide, the landslide area since the year 2012, when the field site 
facilitating their direct observation and the execution was constructed; over 10,000 people with a variety of 
of scientific experiments, such as large-scale in-situ geology-related backgrounds from >20 countries have 
mechanical tests and deep deformation monitoring. visited this experimental station. 

The monitoring systems measure deformation as well (b) Approval of the Basic research on the prediction and 
as hydrologic, meteorological and hydro-chemical forecasting of major landslides program supported 
variables. The deformation system is composed of a by the Major Program of NSFC 

slope surface displacement measurement unit and an CUG was approved the Basic research on the predic- 
underground displacement measurement unit. The tion and forecasting of major landslides program 
slope surface displacement unit includes a number of (2021-2025), supported by the Major Program of the 
GPS (Global Positioning System) and BDS (BeiDou National Natural Science Foundation of China. The 
Navigation Satellite System) measurement points, as program was designed for the prediction and forecasting 
well as an IBIS-FL (Interferometric Radar) monitoring of major landslides, with the concentration on the core 
system (Fig. A.12). The underground displacement unit scientific problems of landslide evolution process and 
includes nine deep inclinometer boreholes, a number of physical-mechanical mechanism. Three key scientific 
crack meters installed on the ground and the walls of problems, including correlation mechanism for land- 
tunnels, and many hydrostatic level gauges that measure slide initiation, physical-mechanical mechanism for 
the settlement of the tunnels in the sliding mass. The landslide initiation, and prediction and forecasting the- 
hydrologic system includes a number of devices that ory based on landslide evolution were proposed. 

allow for observation of the water level of the Yangtze Five topics were set up to achieving those objectives. 
River, the ground water level and water discharge of the Topic 1 was proposing the initiation classification of 


tunnels (Fig. A.12). A small meteorological station is major landslides based on large field test platform, 
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Fig. A.11 Scientific thought for 
the implement of research 
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with the adoption of field prototype test and other tech- 
nical means. Topics 2-4 aimed to reveal the physical and 
mechanical mechanism of locked-segment dominated 
landslide, static liquefaction loess landslide and hydro- 
dynamic pressure-driven landslide, and to establish the 
corresponding landslide initiation criteria, respectively. 
Topic 5 was responsible to established the prediction 
mode and real-time forecasting system. Ultimately, the 
landslide prediction and forecasting theory based on the 
evolution process and physical-mechanical mechanism 
would be put forward. The scientific thought for the 
implement of research is exhibited in Fig. A.11. 


The implementation of the research is respected to lay the 
geological, mechanical and physical foundation for the above 
three types of landslide prediction, and to substantially pro- 
mote the research on landslide prediction. 

Figure A.12 shows the old Badong county, situated in the 
Huangtupo landslide area, and the exposures of the main 
rupture zones are now more than 50 m below the water 
surface of the Three Gorges Reservoir (Tang et al. 2015a). 
During the second relocation from 1982 to 2003, the county 
moved from Xinling town to the Huangtupo landslide area 
(Gong et al. 2021). A series of investigations were conducted 
during that period, and the new county area was further 
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confirmed to be on the site of an ancient landslide then 
(Gong et al. 2021). Huangtupo landslide is developed in the 
Middle Triassic Badong Formation strata, within which 
interbedded strata structures are often observed, and many 
geohazards developed. The material composition of the 
Huangtupo landslide includes mudstone, pelitic siltstone, 
and argillaceous limestone (Tang et al. 2015b). Multiple 
slumps formed the complex mass at least 4000 years ago 
(Tang et al. 2015b). The elevation of the crown of the land- 
slide is about 600 m asl., while its toe varies from 50 to 90 m, 
submerged in the Yangtze River. The composite landslide 
covers an area of 1.35 km”, and its volume of nearly 70 mil- 
lion m? makes it the largest reservoir landslide in China 
(Tang et al. 2015b). Considering the risk of landslide reacti- 
vation by long-term reservoir operation and human activities, 
the drainage system and the anchored defense structures 
along its leading edge were constructed to control the land- 
slide. Huangtupo demonstration base was designed and 
constructed in 2012, during the third relocation period from 
2007 to 2017 (Gong et al. 2021). At that time, some Badong 
county residents still lived in the Huangtupo area, facing the 
unsure threat. The old giant landslide is in need of further 
research to ensure its safety as well as provide access for 
landslide hazard study. The demonstration base was in great 
request. With the building and development of the 
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Fig. A.12 Photo of old Badong County, showing the populated area built on the Huangtupo landslide (Tang et al. 2015a) 


demonstration base, Over 10,000 people with various Gong W, Juang CH, Wasowski J (2021) Geohazards and 


geology-related backgrounds from more than 20 countries human settlements: Lessons learned from multiple reloca- 
have visited. A national observation station was also settled tion events in Badong, China — Engineering geologist's 
rely on the base in 2020. perspective. Eng Geol 285:106051 
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Introduction 


National Taiwan University (NTU) was originally 
established in 1928, when Taiwan was under Japanese rule, 
as Taihoku Imperial University. The current name dates back 
to 1945. As Taiwan’s oldest and most prestigious university, 
we are also the largest comprehensive higher education insti- 
tution (HEI) in the country. The academic freedom that we 
cherish and our excellent faculties attract both domestic and 
international students. Throughout our 90-year history, we 
have nurtured many talents, including leading academics and 
leaders in the public and private sectors. Our campus is vast, 
and spans across multiple locations, including Taipei, Yilan, 
Hsinchu, Yunlin, and mountainous areas in central Taiwan— 
accounting for nearly 1% of Taiwan’s total land area. This 
provides teachers and students with an environment rich in 
biological and ecological diversity. 

As the leading university in Taiwan, we are strongly 
committed to social responsibility as we strive to drive sus- 
tainable development and influence positive change in soci- 
ety. This was also reflected in the first University Impact 
Rankings launched in 2019 by Times Higher Education 
(THE), which measure the contributions of HEIs to the 
United Nations’ Sustainable Development Goals (SDGs). 
We were ranked 70th in the world overall, and Ist in the 
world for SDG16: Peace, Justice, and Strong Institutions. 
Starting from creating a sustainable culture on campus, we 
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aim awareness about sustainability throughout the university, 
through innovative teaching and research, environmental 
protection and recycling efforts, and a school administration 
that supports equality and wellbeing. Our sustainability 
efforts extend beyond our campus through industry-academia 
collaborations and service teams deployed to remote areas. In 
the near future, we will continue to reinforce the spirit of 
innovation and sustainability thinking among all faculty 
members and students. We will also continue our efforts to 
address economic, environmental, and social challenges 
through interdisciplinary collaboration, as we create 
connections between the local and the international commu- 
nity. The Department of Civil Engineering (Fig. A.13) can be 
regarded as the root of The College of Engineering. The early 
civil engineering education covers a wide range of 
professions. With the development and differentiation of 
various social industries, some fields have gradually 
separated and established specialized departments. We have 
also moved on, combining different fields and top-notch 
technology to remain as the leader of the tide. 

Civil engineering is inseparable from the development of 
human civilization. From the beginning of civilization, all 
man-made structures have enchased and highlighted the 
value of civil engineering. NTU Civil Engineering is no 
exception. From the Department of Civil Engineering of the 
Imperial College of Taipei to the National Taiwan University 
Department of Civil Engineering today, the majority of 
Taiwan’s significant constructions is and will always be our 
finest gallery. 

In National Taiwan University, you will obtain high- 
quality guidance in and out of the classroom. Academic 
resources in the classroom and sports culture clubs, various 
student activities throughout the year, will bind you together 
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with peers of the same dream. These friends may also be 
partners that can help you in future careers. If you are willing 
to take civil engineering as a career and take on the 
challenges and step forward as a team, then listen to your 
inner call, join us, and let us stride ahead hand in hand 
(Fig. A.14). 


Outstanding Recent Achievements 


Mitigating the Impacts of Natural Disasters via 
Cutting Edge Technology 


Taiwan is located in the Circum-Pacific seismic belt, with 
many active faults and frequent typhoons. Due to the effects 
of climate change, extreme rainfall events that used to occur 
once in a century are now becoming more frequent, 
exacerbating the threat of landslides and debris flows. The 
prevention and mitigation of natural disasters such as 
earthquakes and flooding have therefore become a priority 
for the twenty-first century. 


(a) Earthquake Early Warning Systems: gain valuable 
response time 


Fig. A.14 Life beyond Classroom 
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For most natural disasters, potential losses to life and 
property can be mitigated through early warning and 
prevention. After the earthquake disaster of September 
21st, 1999, building safety inspections needed to be 
conducted all across Taiwan. Our faculty and students 
with expertise in civil engineering and geology were 
quick to respond to this urgency, working closely with 
the National Center for Research on Earthquake Engi- 
neering to help the government improve the earthquake 
resistance standards and test specifications. Moreover, 
they proposed a more elaborate system for earthquake 
damage and liquefaction assessment, and conducted a 
complete review and classification of the earthquake 
risk tolerance for all areas in Taiwan. The team also 
developed new disaster prevention technologies. One of 
the most significant contributions was to assist the pub- 
lic high (vocational) schools around Taiwan with 
assessments of the earthquake resistance and reinforce- 
ment needs of old buildings. In the numerous 
earthquakes that have since occurred, the effect of 
these reinforcements has become apparent. The stronger 
earthquake resistance of these buildings has improved 
safety for 2.65 million teachers and students around 
Taiwan (Fig. A.15). 

Our school has also developed technology to monitor 
the status of bridges with high traffic volumes. This 
optical fiber monitoring system will emit a warning 
whenever poor conditions are recorded, prompting an 
early response from management that can prevent a 
disaster from happening. When bridges in remote areas 
are damaged, a lightweight bridge developed by NTU 
out of composite materials can be assembled by 
residents in short time. In this way, access to affected 
areas can be quickly restored, and disaster relief 
provided more efficiently. In the event of an earthquake, 
Taiwan’s citizens will immediately receive an emer- 
gency alert by text message. This warning system, 
which was developed by Professor Wu, Yih-Min at 
our Department of Geosciences, analyzes the properties 
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Fig. A.15 Taiwan Earthquake Loss Estimation System (TELES) 


(b) 


of a P-wave within three seconds after detecting the 
wave so that it can issue an alert to citizens more than 
10 s before the S-wave, which is most likely to cause 
damage arrives. This early warning system is accurate 
and fast, giving people valuable seconds to escape to 
safety. Because it is also much cheaper to manufacture 
network of multiple sites has been established, including 
the geohazard field test site for the Majiagou landslide, 
Zigui County, and systematic geophysical monitoring 
station for the whole TGR area, etc. than previous 
seismographs, it could be rapidly rolled out to several 
hundred elementary and junior high schools, ensuring 
better protection of our country’s younger generation. 
Moreover, this system has been successfully introduced 
in other earthquake-threatened countries, such as 
Indonesia, India, Vietnam, Nepal, and Mexico. 

After the Flood: Rapid Mobilization and Improved 
Ability to Provide Relief 

Another critical area is flood disaster prevention. Also 
here, our faculty and students are actively involved in 
key activities ranging from early warning and response 
during the disaster, to raising the awareness of, and 
capability for, disaster prevention among citizens more 
generally. Our Center for Weather Climate and Disaster 
Research comprises experts in meteorology, hydrology, 
bioenvironmental engineering, and geology etc. This 
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center helped New Taipei City and Keelung City estab- 
lish an extreme weather and flood monitoring and warn- 
ing system. Other projects include combining advanced 
deep learning with the analysis of radar data, which 
allows for closer monitoring of rainfall data in hydro- 
logically sensitive areas. The improvement of flood 
models increases the accuracy of flood warnings and 
provides disaster prevention units with valuable infor- 
mation for them to rapidly formulate response strategies. 
From past experiences outside of Taiwan, we know that 
self-help and mutual support account for the largest 
share of the relief effort (90%) in the event of a disaster. 
In other words, even if flood warnings are effective, 
people in the affected area still need to be able to take 
own measures to protect themselves. At NTU, we 
actively participate in the community-level disaster 
relief preparations around the country, as well as in the 
training of disaster relief officers. Our experts provide 
citizens with the most up-to-date knowledge in disaster 
prevention, operate independent disaster relief systems, 
and evaluate the safety of shelters. These efforts con- 
tribute to the resilience and ability of local communities 
to mitigate impact, helping them recover more quickly. 
A plan for how to improve the disaster relief ability in 
the country proposed by our experts is another example 
of how we help make sure that the best disaster response 
capacity is in place. After improving the ability to 
respond to disasters, NTU’s team also contributed to 
disaster prevention infrastructure around Taiwan, such 
as seismic isolation technology for buildings and equip- 
ment, or detention ponds in communities at risk. Our 
work and efforts in these areas help protect lives and 
property. As climate change continues to impact the 
world, we hope to leverage our technologies and exper- 
tise in these domains even further, and help strengthen 
the capacity to prevent and withstand natural disasters 
throughout the world. 


Wei Shan and Ying Guo 


Introduction 


Institute of Cold Regions Science and Engineering of North- 
east Forestry University ICRSE-NEFU) is committed to the 
environmental geology and engineering geology of high 
latitude permafrost region and deep seasonal frozen area 
under the background of climate change, and attaches impor- 
tance to the combination of basic research and applied 
research. With undergraduate, master, doctor, postdoctoral 
professional training system and standards, ICRSE-NEFU 
initiated “Geological environment risk research plan for per- 
mafrost degraded areas in Northeast China (GERRP)”. With 
the support of the Chinese government, “Field scientific 
observation and research station of the Ministry of 
Education—Geological environment system of permafrost 
area in Northeast China (FSSE-PFNEC)” was established. 
Its observation stations cover all kinds of permafrost areas in 
Northeast China. At the same time, in order to develop and 
transfer technologies related to environmental governance 
and infrastructure construction in permafrost regions, “Pro- 
vincial Collaborative Innovation Centre, Environment and 
road construction & maintenance in permafrost area of 
Northeast China (PCIC-PFER)” was established. Over the 
years, ICRSE-NEFU have continuously established coopera- 
tion with academic institutions and organizations at home 
and abroad, held various academic exchanges and regularly 
held “Academic Seminar on Engineering Geology and Envi- 
ronmental Geology in the Permafrost Along the Sino-- 
Russian-Mongolian Economic Corridor’, edited and 
published research cases of geoenvironmental disasters in 
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permafrost regions in Northeast China, and shared the 
research results of GERRP. At present, the research results 
of GERRP are gradually enriched, some of them have highly 
academic value, and have been put into engineering practice. 
ICRSE-NEFU has gradually shown its unique research 
charm since it became an ICL member in 2003 2002. In 
2012, ICRSE-NEFU established a landslide research net- 
work in cold regions (ICL-CRLN), and then Research Center 
of Cold Regions Landslide was built. 

Permafrost as one of the elements of the cryosphere, the 
change of thermodynamic stability of permafrost will directly 
affect the changes of hydrosphere, biosphere and lithosphere. 
Under the trend of global warming, the frequency and inten- 
sity of environmental and engineering geological disasters 
caused by permafrost degradation are getting higher and 
higher (Figs. A.16 and A.17). Taking the cold area in the 
southern boundary of the permafrost zone in Northeast China 
as study area, disasters such as ground subsidence, slope 
icing, landslides and other disasters caused by permafrost 
melting were studied. At the same time, we found melting 
permafrost also leads to seasonally high concentrations of 
greenhouse gases, triggering wildfires that may further accel- 
erate permafrost degradation and environ- mental changes of 
terrestrial ecosystems and roads. 
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Fig. A.16 Permafrost 115°0'0"E 120°"0'0"E 125°0'0"E 130°0'0"E 135°0'0"E 
distribution in NE of China ; 
(2014-2019) 
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Fig. A.17 Different tree species and ages in the landslide area caused by permafrost degradation 


MARUI 


Marui & Co. Ltd. 


Taketoshi Marui and Yuji Ikari 


Introduction 


Marui & Co. Ltd. celebrated its 100th anniversary in 2020. 
Marui, as one of the leading manufacturers of testing 
apparatuses in Japan, has constantly been striving further to 
improve its service since its foundation in 1920, thus 
contributing to the sustainable development of our nation 
and society. Our main products cover various destructive 
and non-destructive testing apparatuses in geotechnical engi- 
neering, concrete engineering (mortar, aggregates, etc.), and 
ceramic engineering (Fig. A.18). Of particular note is that 
Marui has been helping manufacture ring-shear apparatuses 
(Fig. A.19) for the past half-century based on the leading- 
edge idea of Dr. Kyoji Sassa, Professor Emeritus at Kyoto 
University. Marui has delivered seven ring-shear apparatuses 
to the Disaster Prevention Research Institute, Kyoto Univer- 
sity, and two to the International Consortium on Landslides. 
Also, the apparatuses were exported to the United States of 
America, China, Croatia, and Vietnam. 

Since 2002, Marui has been a supporter of the Interna- 
tional Consortium on Landslides (ICL) and has gradually 
been intensifying its contribution to the ICL’s worldwide 
efforts for landslide risk reduction and international promo- 
tion of landslide research. According to NASA, more fre- 
quent and intense rainfall events due to climate change have 
been causing frequent landslides, particularly in mountains of 
Asian regions, including Japan, where waters can be stored in 
various ways. Summer monsoon rains, snow and glacier melt 
waters can destabilize steep mountainsides, triggering 
landslides, which are down-slope movements of rocks, 
soils, water, trees, etc. Marui, as an engineering supporter, 
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commits deeply to various activities of research, particularly 
on triggering mechanisms of landslides. 

In addition to the ring-shear apparatuses mentioned above, 
our company develops and sells soil and ground testing 
equipment. For example, our standard cyclic triaxial testing 
machine (Fig. A.20) is used by geological consultants, 
research laboratories, and educational institutions such as 
universities and technical colleges. Ground destruction phe- 
nomena, which often occur concurrently with earthquakes, 
significantly affect the seismic resistance of superstructures. 
Cyclic triaxial tests are used to determine the constants 
required to judge the liquefaction potential and to determine 
the cyclic deformation characteristics of the ground required 
for seismic response analysis. 

This equipment can perform not only liquefaction and 
deformation tests, but also static triaxial tests, isotropic con- 
solidation tests, and anisotropic consolidation tests. 

In addition, control and data recording can be processed 
entirely on a personal computer. 

Marui & Co. Ltd. takes great pleasure in developing, 
manufacturing, and providing new products of high value, 
sharing the sense of s achievement with our customers and 
thus contributing to social development. The entire staff of 
Marui is determined to devote ceaseless effort to keep its 
organization optimized for its speedy and high-quality 
services, by the motto “Creativity and Revolution,” and strive 
hard to take a step further as a leading manufacturer of testing 
apparatuses, to answer our customer’s expectations for the 
twenty-second century to come. 

Marui continuously contributes to the 2030 Agenda for 
Sustainable Development and the Sendai Framework for 
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NON-DESTRUCTIVE / BUILDING MATERIAL 
MODEL-TESTING 


Fig. A.18 Products of testing apparatus such as non-destructive/model- 
testing for measuring intensity, physical property, durability, etc. for 
concrete, soil, building material, etc. 


Disaster Risk Reduction 2015-2030. In line with this, Marui 
signed KLC2020 in 2019 and will strongly support its 
actions, especially KCL2020 Actions 3, 4, 5, and 9. 
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Fig. A.19 High-stress landslide simulator 
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Fig. A.20 Cyclic triaxial testing machine 


Marui Ltd. 


Compliant standards 


JGS 0541 / JGS 0542 


Dynamic vertical load 


Pneumatic servo system: 1 KN 


Static vertical load 


Servo motor method: 5 kN 


Side pressure load 


Air regulator method: 1 MPa 


Back pressure load 


Air regulator method: 0.5 MPa 


Dynamic control method 


Load/displacement control: 0.05 to 1.0 Hz 


Static control method 


Displacement control: 0.005 to 5.0 mm/min 


Three-axis room 


* Three-pillar fixed system 
* Specimen size: p50 x H 100 mm 


Measurement 


e Axial pressure (external): 5 kN 

e Axial pressure (internal): 1 kN 

* External displacement: 25 mm 

* Internal displacement: + 2 mm x 2 
* Side pressure: 1 MPa 

* Pore pressure: | MPa 

* Volume change: 50 cc 


NIPPON KGET] Nippon Koei Co., Ltd., 


Hiroaki Tauchi 


Introduction 


The Nippon Koei Group (NK) has been a leading interna- 
tional consultant providing engineering consulting services 
to over 5500 multi-disciplinary infrastructure and develop- 
ment projects in 160 countries worldwide. The landslide 
prevention specialist team (now called Geohazard Manage- 
ment Division) was established in 1966 to provide 
countermeasures against sediment disasters. Over the last 
50 years, we have significantly improved the capacity of 
countries to respond and reduce risk from debris flows, 
slope instabilities, landslides, avalanches, and rock falls due 
to torrential rains, large-scale earthquakes, and volcanic 
eruptions that threaten a country’s vital economic infrastruc- 
ture lifelines, especially the road networks. At present, 
approximately 160 engineers provide a variety of technical 
consulting services to protect communities from disasters, as 
shown in Fig. A.21. 

During disasters, we utilize remote sensing technologies 
such as 3D point clouds and interferometric SAR to create 3D 
models and gather surface and damage information to con- 
duct a broad area survey, as shown in Fig. A.22. Based on 
this information, we provide experienced professional 
engineers to assess risk quickly and promptly respond with 
engineering design analyses and emergency and permanent 
measures based on our extensive experience and know-how. 
In order to efficiently plan and design disaster countermea- 
sure works, we have implemented the automated design 
using visual programming. This automated design enables 
us to perform the 3D design of countermeasures quickly and 
calculate project costs, streamlining the overall process. 
Organizing design and construction information in 3D 
facilitates the construction process and allows for permanent 
maintenance by passing it on to the maintenance manage- 
ment phase as BIM (Building Information Modeling). As a 
result, the information necessary for effective maintenance is 
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Geohazard Management 
Division 


readily available and can be utilized throughout the project’s 
lifespan. 

To maximize the effectiveness of infrastructures, we 
address efficient countermeasure plans, design, and research 
regarding cost reduction and cost-effectiveness using various 
numerical analyses such as the finite element method (FEM) 
and discrete element method (DEM), etc. 

With climate change, the scale of disasters is enlarged and 
the frequency of disasters is increasing. This has resulted in 
more severe damage in more widespread and more urbanized 
areas, and more diverse and higher risks of disasters. In 
addition, in response to the SDG concept of “leaving no 
one behind,” developing countries are lagging behind in 
hazard zoning and other efforts, which must be resolved. 
For this reason, NKG believes that it is important to assume 
that multiple types of disasters, such as floods, landslides and 
tsunamis, occur at the same time and in the same place. NKG 
provides risk mapping services using multi-hazard analysis 
as shown in Fig. A. 23. 

In Japan, we have worked hard to restore and recover from 
sediment-related disasters caused by earthquakes and heavy 
rainfalls that have frequently occurred in recent years (the 
2011 Great East Japan Earthquake, the Northern Kyushu 
Flood in 2017, etc.). We have received letters of appreciation 
from national and local governments for our efforts. 

Our major international projects include “The Project for 
Countermeasure Construction Against the Landslides on 
Sindhuli Road Section IL, Nepal,” “The project for the reha- 
bilitation of Sindhuli road affected by the 2015 Gorkha 
Earthquake, Nepal,” and “The project for landslide preven- 
tion for National Road 6 in Honduras”; all funded by the 
Japan International Cooperation Agency (JICA) grantsin-aid. 
Through these projects, we are contributing to the socioeco- 
nomic development of each country by improving vulnerable 
locations in road networks against sediment disasters, pro- 
moting traffic safety, and providing logistics assistance for 
road users. In particular, the 1st of the three NK’s projects 
mentioned above won the “3rd JAPAN Construction Inter- 
national Award” from the Ministry of Land, Infrastructure, 
Transport and Tourism as the project that has realized “high- 
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Fig. A.21 Our service for 
geohazard management 


- Facility/Plant Operation and 
- Maintenance 


Operation 


Nippon Koei Co., Ltd., Geohazard Management Division 


- Project Formulation 

- Preliminary Investigation 

- Project Evaluation/Due Diligence 

- Financial Arrangement: ODA, PPP, Private funding, etc. 
- Contractual Arrangement: DB, EPC, Turnkey, DBO, etc. 


Preliminary 


Planning 
Stage 


- Tender Document Preparation 
- Tender Assistance 


Fig. A.22 (left) a Landslide site, (right) 3D Point Clouds 


quality infrastructures” through its excellent know-how, tech- 
nical capabilities, and project management capabilities. 

NK is an an ICL supporter as well as a KLC official 
promoter and has been using its technology to reduce 
geohazard risk. Through various projects, NK continuously 
contributes to the 2030 Agenda for Sustainable Development 
and the Sendai Framework for Disaster Reduction 


2015-2030. Using our full capability with abundant 
experiences in Japan and Asia prone to natural disasters, we 
hope to contribute much more to reducing global sediment 
disasters, including landslides (Fig. A.24). In line with this, 
NK has signed the KLC 2020 and will strongly support its 
actions. 
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Fig. A.23 Visual programming and Automated design 
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Fig. A.24 Introduction of our survey analysis technology for geohazard 


L LiSA 


Ellegi Srl 
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Ellegi Srl 


Introduction 


Ellegi srl provides worldwide monitoring services and 
produces Ground Based synthetic aperture radar (GBInsAR) 
for remote measurement of displacements and deformations 
on natural hazards and manmade buildings using its own 
designed and patented LiSALab system. 

Its activities started in 2003 as a spin off project to exploit 
commercially the Ground Based Linear Synthetic Aperture 
Radars technology developed by European Commission’s 
Ispra Joint Research Centre and based on the results of 
more than 10 years of research. Since then, Ellegi has 
industrialized and developed the core technology of the 
LiSALab system and latest LisAmobile system represents 
the 5th generation of development. 

In 2003 it was the first commercial company in the world 
to provide GBInSAR measurements of natural hazards and 
structure (Figs. A.25 and A.26). 

Ellegi srl offers: 
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e Displacement fields measurement, control and monitoring 
of the deformation caused by natural hazards, like 
landslides, rockslides, sinkhole, volcanic deformation in 
every operative condition, including emergencies, 

e Structural strain fields measurement, control, monitoring 
and diagnosis of the deformation affecting buildings, 
bridges, viaducts, dams. 

e GBInSAR monitoring systems, installation, management 
and maintenance in order to provide information about 
natural hazards or anthropic activity, that can generate or 
cause slopes failures or buildings instabilities. 


In all the above-mentioned activities Ellegi srl uses the 


GBInSAR LiSALab technology that represents a real “break- 
through”. 
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Fig. A.25 GBInSAR LiSALab 
technology quarry monitoring 
example and displacements’ field 
comparison between the 
GBInSAR measurement and FEM 
model results 


Ellegi Srl 
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Fig. A.26 GBInSAR LiSALab technology result in monitoring a slope affected by a landslide (left) and a volcanic slope affected by deformation 
(right). Landslide or moving area mapping and boundaries identification is made easy by GBInSAR LiSALab technology 


Chuo Kaihatsu Corporation 


Lin Wang 


Introduction 


Chuo Kaihatsu Corporation (CKC) was founded in 1946, and 
has been aiming to become the “Only One” consultant for our 
customers. We engage in the hands-on work that will 
“Remain with the earth, Remain in people’s hearts, and 
Lead to a prosperous future”. We focus on road, river and 
dam engineering to flesh out industrial infrastructures specif- 
ically by means of geophysical/geotechnical/geological 
investigations, civil engineering surveys and project 
implementations. In recent years, we make significant efforts 
on earthquake disaster mitigation, sediment disaster preven- 
tion/mitigation and ICT information services. Many 
achievements of ours have already contributed to the mitiga- 
tion of natural disasters such as landslides, earthquakes and 
slope failures in Japan, Asia and the Pacific Region. We aim 
to provide technological contributions so that a sustainable 
society will continue to develop in the future (Figs. A.27, 
A.28, A.29 and A.30). 


Fig. A.27 Design for various structures 
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Fig. A.28 Deepwater drilling surveys 


Chuo Kaihatsu Corporation 477 


Research and developa highly accurate, multi-point early- 
warning system for slope failure using low-cost tilt sensors 


Data Base 
+ Low-cost, easily-installed tilt sensors. 
= Realized low cost multi-point 
measurement. 
- Prediction of slope deformation by 
multi-point measurements. 
= Realized high-precision, stable, 
early warning slope failure system. 


3D analysis of 
slope movement 
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Fig. A.29 The early warning monitoring system of slope failure using multi-point tilt change and volumetric water content 
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Fig. A.30 Making hazard map for sediment disaster. 


Godai Kaihatsu Corporation 


Godai Kaihatsu Corporation 


Introduction 


Ever since its foundation in 1965, Godai Kaihatsu Co. Ltd. a 
civil engineering consulting firm, has long been providing a 
variety of software and measures particularly for natural 
disaster mitigation. With its rich expertise in both civil engi- 
neering and information technology (IT), the company has its 
primary goal to address real-world needs of disaster mitiga- 
tion. All the staff of Godai Kaihatsu Co. Ltd. feels it more 
than happy that their cutting-edge technologies help mitigate 
natural disasters (Figs. A.31, A.32, A.33 and A.34). 


Godai Kaihatsu Corporation 
Godai Kaihatsu Corporation, Kanazawa City, Ishikawa, Japan 
e-mail: pp-sales @ godai.co.jp; https://soft.godai.co.jp/soft/ 
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Fig. A.31 Integrated model 
simulating of earthquake & rain 
induced rapid landslides 
(LS-RAPID) 


Fig. A.32 Tsunami model 
(LS-Tsunami) 
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Water level fluctuation in the borehole 


Water level data in the borehole is reflected 
in the analysis cross section. Calculate safety 49 
factor for each observation date. 
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Fig. A.33 Power SSA PRO-Two-dimensional slope stability calculation of earthquake and rain induced landslide 
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Fig. A.34 Anchor software-slope stability analysis for ground ancho 


Kise jiban Kiso-Jiban Consultants Co. Ltd 


Kaoru Hanai and Junichiro Odaka 


Introduction 


Since its establishment in 1953, Kiso-Jiban has been 
contributing on the development of social infrastructure as a 
“comprehensive construction consultant with strong geotech- 
nical capabilities” in various situations, such as ground inves- 
tigation, laboratory testing, analysis, civil structure design, 
etc. Kiso-Jiban has been working on the technological devel- 
opment for disaster prevention and mitigation against the 
recent exacerbation of natural disasters. 


InSAR (Interferometric Synthetic Aperture 
Radar) 


SAR is a technique that utilizes interference of radio waves 
for precise determination of distance. Kiso-Jiban has 
succeeded in estimation of both extent and rate of landslide 
movements by combining the topography interpretation and 
InSAR analysis. 
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In-SAR Analysis Diagram 


GP (Gel-Push) Sampling 


GP Sampling can collect gravelly soil, etc., which is difficult 
to be collected by conventional samplers, by using a highly- 
concentrated water-soluble polymeric gel. GP Sampling was 
introduced in ISO 22475-1: 2021 revised in October 2021 as 
Category A, which provides the highest quality soil samples. 
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GP Sampling was performed in the disturbed 
soil mass right above the landslide surface (left) 
and the soil sample collected (right) 
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Slope Stability Analysis and Evaluation 


Kiso-Jiban provides a wide range of numerical analyses 
related to slope stability evaluation. We have a wide range 
of analysis methods, from general two-dimensional limit 
equilibrium analysis to finite element analysis and analysis 
of rock masses with discontinuities, and we are challenging 
on the analysis that considers variability of ground and 
modelling uncertainty. 


3D Rockfall Simulation | 3D Finite Element Analysis ) 
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Inspection Technique for Disaster Danger Spots 
Using Mixed Reality (MR) Technology 


MR (Mixed reality) is a technology that blends physical and 
digital worlds by superimposing 3D data and digital informa- 
tion on the real world as computer graphics. 

Dangerous slopes with rockfall sources are spots where 
many unstable bedrocks and floating rocks exist. In many 
cases, approaching the inspection point on an outcrop is a 
difficult and dangerous task for investigators. Using MR tech- 
nology makes it possible to realistically reproduce the outcrop 
situation at the site as a hologram. The outcrop situation can be 
safely inspected and confirmed without going to the site. 
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Kokusai Kogyo Co. Ltd. 


Introduction 


Kokusai Kogyo Co. Ltd. as a leading company of geospatial 
information technologies has long been providing public 
services with its comprehensive expertise to address real- 
world needs and cutting-edge measurement technologies. 
Kokusai Kogyo Co. Ltd. helps rebuild “Green 
Communities,” which has been of our great concern in 
terms of “environment and energy,” “disaster risk reduction” 
and “asset management”. Kokusai Kogyo Co. Ltd. offers 
advanced and comprehensive analyses of geospatial informa- 
tion for developing new government policies, maintaining 
and operating social infrastructures safe and secure, and 
implementing low-carbon measures in cities. Influenced by 
the recent global climate change, extreme rainfall events have 
become more frequent worldwide and resultant hydro- 
meteorological hazards are creating more deaths and 
devastations particularly in many developing countries 
where effective advanced countermeasures are not readily 
available. Kokusai Kogyo Co. Ltd. is proud of its 
achievements in establishing resilient infrastructure systems 
and implementing effective monitoring/early warning 
systems in developing countries, which have long been help- 
ing reduce the risks from natural hazards (Figs. A.35, A.36, 
A.37 and A.38). 


Kokusai Kogyo Co. Ltd. 
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Fig. A.35 Our realtime hazard 
map reflects up-to-date 
information of soil natures and 
precipitations at landslide hazard 
sites, etc. that can constantly be 
changing, and evaluates area-wide 
hazard risk in real-time 


Fig. A.36 ELSAMAP is our 
cutting-edge 3D terrain 
visualization method allowing 
great geomorphological details to 
be visualized in one glance with 
gray-scaled slope inclinations and 
colored altitudes. ELSAMAP has 
been used to interpret micro- 
topographies, landslides and some 
other things 


Fig. A.37 3D-GIV can help 
grasp the ground surface 
displacement caused by natural 
phenomena such as landslide by 
analyzing differences between 
digital geomorphic images 
obtained through ad hoc Airborne 
Laser Surveys 
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Fig. A.38 “Shamen-net” is a 
total monitoring system 
integrating GNSS and other 
monitoring device (Measurement 
precision: + mm, on a real time 
basis) 
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Introduction 


OSASI Technos, Inc. has been making its best efforts to 
develop its cutting-edge technologies for landslide early 
warning. Its unique compact and lightweight sensors making 
up the Landslide Early Warning System enable long-term 
monitoring of unstable landslide mass movements, 
precipitations, porewater pressure buildups, etc. in a remote 
mountainous area where commercial power is often unavail- 
able. OSASI Technos, Inc. is also proud of its advanced 
technology to transfer observed data even in areas with 
poor telecom environments as proven in the successful 
implementations in South Asia. All staff members of 
OSASI Technos work together for mitigation of landslide 
disasters worldwide (Figs. A.39, A.40, A.41 and A.42). 


OSASI Technos, Inc. 
OSASI Technos, Inc., Kochi City, Kochi, Japan 
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Fig. A.39 Bedrock slope 
monitoring (maintenance control) 
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Fig. A.40 Measurement of the dynamic state of landslide using inclinometers with a wireless function 


Fig. A.41 Cut slope monitoring Example of sensor installation 


Fig. A.42 Compact alarm device to alert local people to landslide risk 
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